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The gradual transformation from fossil fuel energy era to cleaner and 
sustainable future energy is driven by two major societal concerns: fossil fuel 
dependence and environmental pollution. As carbon dioxide is thought to cause major 
climate changes in the future, the sustainable production of energy nowadays 
concentrates on carbon dioxide-neutral processes. A sustainable means of transport of 
energy is also necessary. Hydrogen is a perfect energy carrier as it emits only water 
vapor when used in a fuel cell. U.S. Department of Energy (DOE) launched the 
Hydrogen Fuel Initiative which commits government funding for accelerated research, 
development and demonstration programs to enable the realization of hydrogen 
economy. However, the largest obstacle to realize the hydrogen economy is not the 
production or utilization of hydrogen but rather effective and safe means of storage. 
 
 The goal to develop novel hydrogen storage materials is to reach the highest 
volumetric density by using as minimum material as possible. For hydrogen storage, 
the material capacity goals set for DOE’s FreedomCAR are 5-wt% by 2007, 6-wt% 
by 2010 and 9-wt% by 2015. Presently, there are basically three viable techniques to 
store hydrogen: compression, liquefaction and solid state forms. Each technique 
suffers from its specific disadvantages. Nevertheless, solid matrix method of 
hydrogen storage is the only option that has any hope of achieving the gravimetric and 
volumetric densities. Hence, great interests and efforts have been focused on 
exploring the new solid state hydrogen storage system, such as carbon nanostructured, 
 v
nanoporous adsorbents like zeolites and metal organic framework (MOF), hydrogen 
adsorbing alloy, chemical or complex hydrides such as NaAlH4 and LiBH4.  
 
 In recent years, a new class of materials, metal nitride or imides, have become 
one of the most promising storage media. Lithium Nitride (Li3N) could reversibly 
store remarkable amount of hydrogen up to 11.5-wt%, which potentially achieve 
DOE’s target for year 2015. The hydrogenation over Li3N occurs in two single steps: 
Li3N + 2H2  ↔  Li2NH + LiH   ΔH = - 165 kJ/mol H2                             (1) 
 
Li2NH + H2  ↔  LiNH2 + 2LiH  ΔH = - 44.5 kJ/mol H2                             (2) 
 
Although lithium-nitrogen system showed amazing storage capacity, there are still 
experimental and theoretical problems need to be resolved. For instance, the relatively 
high (>200oC) operation temperature limits lithium-nitrogen system to meet practical 
application. The research of using lithium-nitrogen as a potential storage material and 
its reaction mechanism are still at the infant stage. Moreover, there is still lacking in 
clear understanding for the hydrogenation and dehydrogenation over lithium-nitrogen 
system. In this work, the fundamentals understanding on hydrogen storage 
characteristics of lithium-nitrogen system is systematically investigated and clarified 
by employing wide variety of characterization tools. Besides, both storage systems 
prepared in this work, Lithium Imide (Li2NH) and Li-Mg-N-H have shown excellent 
storage capacity greater than 5-wt% and could potentially achieve DOE’s target for 
year 2007. Through novel synthesis method, mechanical activation and chemical 
modifications (destabilization), this work also demonstrated effective approaches to 
improve and fine tune the thermodynamics and kinetics of hydrogen sorption on 
lithium-nitrogen based system. 
 vi
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1.1 General Background: Hydrogen Storage 
 
The gradual transformation from current fossil fuel energy era to cleaner and 
sustainable future is mainly driven by two major societal concerns: fossil fuel 
dependence and pollution. An increase of energy consumption is foreseen due to 
combined effect of the population growth and the predictions of future energy uses. In 
Europe, an increase of energy-related CO2 emissions of 20% is estimated up to 2030: 
about 90% of such increase would be come from transport sector, if strong policy 
measures will not be implemented to mitigate rise [1]. In the United States, 
approximately two-thirds of the 20-million barrels of oil used in the U. S. per day is 
consumed in the transportation sector [2]. The huge jump in U. S. oil import from 
55% to 68% by year 2025 is expected under a status quo scenario [3]. As short term 
measures, a number of strategies are under consideration including the increased use 
of gasoline hybrid car. However, petroleum substitution and development of 
alternatives energy carriers are required for long term sustainability of energy.  
 
Hydrogen is the cleanest energy carrier, and has a heating value three times 
higher than petroleum. It can be efficiently derived from diverse domestic resources, 
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such as renewables (biomass, hydro, wind, solar, geothermal), fossil fuels and nuclear 
energy. When burned in an internal combustion engine, hydrogen produces 
effectively zero emissions; when powering a fuel cell, its only by-product is pure 
water. In 2003, President Bush announced a $1.2 billion Hydrogen Fuel Initiative to 
reverse America's growing dependence on foreign oil by developing the hydrogen 
technology needed for commercially viable hydrogen-powered fuel cells—a way to 
power cars, trucks, homes, and businesses that produces no pollution and no 
greenhouse gases by 2020 [4]. The Hydrogen Fuel Initiative commits government 
funding for accelerated research, development and demonstration (RD&D) programs 
that will enable technology readiness. While the transition to hydrogen economy 
would requires decades, but hydrogen powered vehicles and limited hydrogen fueling 
infrastructure could start becoming commercial in the 2020 timeframe [1]. There are 
three primary technical barriers to overcome before realization of H2 economy: (1) 
on-board hydrogen storage systems are needed that allow a vehicle driving range of 
greater than 300 miles (500 km) while meeting vehicle packaging, cost and 
performance requirements; (2) fuel cell system cost must be lowered to $ 30 per 
kilowatt by 2015 while meeting performance and durability requirements; (3) the cost 
of safe and efficient hydrogen production and delivery must be lowered to be 
competitive with gasoline ($2.00 - $3.00 per gasoline equivalent, delivered, untaxed, 
by 2015) independent of production pathway and without adverse environmental 
impact. 
 
Among the three, hydrogen storage is widely recognized as a critical enabling 
technology for the successful commercialization and market acceptance of hydrogen 
powered vehicles. Storage basically implies to reduce the enormous volume of 
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hydrogen gas [3]. Although the development of the fuel cell technology appears to be 
progressing smoothly towards eventual commercial exploitation, a viable method for 
storing hydrogen on board a vehicle is still to be established. The large diffusion of 
hydrogen in transport applications will strongly depend on the availability of novel 
hydrogen storage system with demanding criterion: highest volumetric density by 
using as little additional material as possible, high reversibility of uptake and release, 
limited energy loss during operation, high stability with cycling, cost of recycling and 
charging infrastructures, and safety concerns in regular service or during accidents. In 
order to achieve these long term targets, U. S. Department of Energy (DOE) through 
FreedomCAR launched a “Grand Challenge” to the scientific community by 
developing hydrogen storage system performance targets as listed in Table 1.1.  
 
Table 1.1: FreedomCAR technical targets for on-board hydrogen storage [1, 5] 
Storage Parameter Units 2007 2010 2015 
Specific energy MJ/kg 1.5 2 3 
Weight percent 
hydrogen 
% 4.5 6 9 
Energy density MJ/liter 1.2 1.5 2.7 
System cost $/kg system 6 4 2 
Cycle life Cycles 500 1000 1500 
Refueling rate Kg H2/min 0.5 1.5 2 
Loss  of useable 
hydrogen 
(g/hr)/Kg 1 0.1 0.05 
 
The current hydrogen storage systems are inadequate for use in the wide range 
of vehicles that consumers demand. Developments of novel materials and methods 
that can store sufficient hydrogen on-board a wide range of vehicle platforms, while 
meeting all consumer requirements, without compromising passenger or cargo space, 
is a tremendous technical challenge.   
 4
1.2 Theoretical Considerations: Hydrogen in Solids 
 
In general, there are two principles of storage mechanism existing: (i) 
Adsorption of hydrogen on the surface, i.e. physisorption; (ii) Hydrogen atoms 
dissolved by forming chemical bonds, i.e. chemisorption. Physisorption normally 
takes place only at low temperature [5], therefore the process is non activated and fast  
in kinetic. In contrary, chemisorption occurs at elevated temperature and exhibits 
higher enthalpy of adsorption.  
 
In hydrogen storage research area, nanostructured carbon materials, MOFs and 
zeolites had received substantial attentions for their use in physisorption of hydrogen. 
These materials are well-known with their high specific surface area and 
characteristic porosity. Chemisorption of hydrogen atom related to interaction of 
hydrogen atom with metals, intermetallic compounds and alloys to form mainly solid 
metal-hydrogen compounds.  
 
1.2.1 Physisorption of Hydrogen 
 
 The adsorption of a gas on a surface is a consequence of the field force at the 
surface of the solid, called the adsorbent, which attracts the molecules of the gas or 
vapor, called adsorbate. Resonant fluctuations in charge distributions, which are 
called dispersive or Van de Waals interactions, are the origin of the physisorption of 
the gas molecules onto the surface of a solid. The interaction is composed of two 
terms: an attractive term which diminishes with the distance between molecules and 
the surface to the power of -6 and a repulsive term (Pauli-repulsion) which diminishes 
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with the distance to the power of -12. The potential energy of the molecule, therefore, 
shows a minimum at a distance of approximately one molecular radius of the 
adsorbate. The energy minimum is of the order of 0.01 to 0.1 eV (1 to 10 kJmol-1) [6]. 
Due to weak interaction, a significant physisorption is only observed at low 
temperature (< 273K). 
 
 Once a monolayer of adsorbate molecules is formed, gaseous molecules 
interact with the surface of the liquid or solid adsorbent. The binding energy of the 
second layer of adsorbate molecules is, therefore, similar to the latent heat of 
sublimation or vaporization of the adsorbate. Consequently, a single monolayer is 
adsorbed at a temperature equal to or greater than the boiling point of the adsorbate at 
a given pressure. To estimate the quantity of adsorbate in a monolayer, the density of 
liquid adsorbate and the volume of the molecule are required. If the liquid is assumed 
to consist of a close-packed, face-centered cubic structure, the minimum surface area, 
Sml, for one mole of adsorbate in a monolayer on a substrate can be calculated from 
the density of the liquid, ρliq and the molecular mass of the adsorbate, Mads [7]. 
 









NS ρ=                                          (1.1) 
where  N = Avogadro constant 
 
The monolayer surface area for hydrogen is Sml (H2) = 85917 m2. mol-1. The amount 
of adsorbate, mads = Mads. Sspec / Sml. For instance, the maximum specific surface area 
of carbon as adsorbate is Sspec = 1315 m2g-1 (single-sided graphene sheet) and the 
maximum amount of adsorbed hydrogen is mads = 3.0 mass%. Hence, the amount of 
adsorbed hydrogen is proportional to the specific surface area of the adsorbent, and 
can be only observed at very low temperature.  
 6
1.2.2 Chemisorption of Hydrogen 
 
 Formation of metal hydrides involves the reaction of hydrogen atom with 
many metals, at elevated temperatures. The binary hydrides of transition metals are 
predominantly metallic in character and are usually refer to metallic hydrides. They 
are good conductor, have a metallic or graphite-like appearance, and can often wetted 
by mercury [7].  
 
 Metallic hydrides (MHn) show large deviations from ideal stoichiometry (n = 
1, 2, 3) and can exist as multiphase systems. They are called interstitial hydrides 
because of that typical metal lattice structure with hydrogen atom on the interstitial 
sites. The reaction of hydrogen gas with a metal is called adsorption process and can 
be represented in term of a simplified one-dimensional potential energy curve as in 
Figure 1.1 [7, 8]. Far away from the metal surface, the potential of a hydrogen 
molecule and of two hydrogen atoms are separated by the dissociation energy (H2 → 
2H, ED = 435 kJ mol-1). The first attractive interaction of the hydrogen molecule 
approaching the metal surface is the Van der Waals force leading to the physisorbed 
state with energy of 10 kJ mol-1 at approximately one hydrogen molecule radius (~ 0.2 
nm) from the metal surface. Closer to the surface, the hydrogen has to overcome an 
activation barrier for dissociation and formation of the hydrogen metal bond. The 
height of the activation barrier depends on the surface elements involved. Hydrogen 
atom sharing their electron with the metal atoms at the surface are then in the 
chemisorbed state with energy approximate at 50 kJ mol-1. The chemisorbed hydrogen 
atoms may have a high surface mobility, interact with each other, and form surface 
phases at sufficiently high coverage. In the next step, the chemisorbed hydrogen atom 
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can jump in the subsurface layer and finally diffuse on the interstitial sites through the 
host metal lattice. At a small hydrogen to metal ratio (H/M < 0.1), the hydrogen is 
exothermically dissolved in the metal (solid-solution, α-phase). The metal lattice 
expands proportional to the hydrogen concentration by approximately 2-3 Å3 per 
hydrogen atom [8]. At greater hydrogen concentrations in the host metals (H/M > 0.1), 
a strong hydrogen-hydrogen interaction becomes important because of the lattice 
expansion, and the hydride phase (β-phase) nucleates and grows. The hydrogen 
concentration in the hydride phase is often found to be H/M =1. The volume 
expansion between the coexisting α- and β-phase corresponds, in many cases, to 10-
20% of the metal lattice. At the phase boundary, a large stress builds up and often 
leads to a depreciation of brittle host metals such as intermetallic compounds. The 




Figure 1.1: Simplified one-dimensional potential energy curve [Reprinted with 
permission from [7]. Copyright Elsevier (2003)] 
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The thermodynamic aspects of hydride formation from gaseous hydrogen are 
described by pressure composition isotherm (PCI) as illustrated in Figure 1.2. When 
solid solution and hydride phases coexist, there is a plateau in the isotherm curves. 
The length of the plateau represents the amount of hydrogen stored. In the pure β-
phase, the hydrogen pressure rises steeply with the concentration. The two-phase 
region ends in a critical point, Tc, above which the transition from the α- to β-phase is 
continuous. The equilibrium pressure, peq is related to the changes of enthalpy (ΔH) 
and entropy (ΔS), respectively, as a function of temperature by the Van't Hoff 
equation:  
 








eq Δ−Δ= 1.)ln( 0                                         (1.2) 
 
As the entropy change corresponds mostly to the change from molecular  
hydrogen gas to dissolved solid hydrogen, it is approximately the standard entropy of 
hydrogen,  ΔSf = -130 J. K-1mol-1 H2, for all metal-hydrogen systems. Hence, to reach 
an equilibrium pressure of 1 bar at 300K, ΔH should amount to 39.2 k J. K-1mol-1 H2. 
Because of the nearly constant value of ΔS, the enthalpy change ΔH is usually 
considered more important in dealing with the thermodynamics of metal hydrides 
than either ΔS or ΔG. 
 
Metal hydrides, because of this phase transition, can adsorb large amount of 
hydrogen at constant pressure, i.e. the pressure does not increase with the amount of 
hydrogen adsorbed. Most metallic hydrides adsorb hydrogen up to a hydrogen to 
metal ratio of H / M = 2. However, all hydrides with hydrogen to metal ratio of more 
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than two are ionic or covalent compounds and belong to the complex hydrides group. 
Group 1, 2, 3 light metals, such as Li, Mg, B and Al resulted large variety of metal-
hydrogen complexes. The main difference between the complex and metallic hydrides 
is the transition to an ionic or covalent compound upon hydrogen adsorption. The 
hydrogen in the complex hydrides is often located in the corners of a tetrahedron with 
B or Al in the center. The negative charge of the anion is compensated by a cation. 
 
 
Figure 1.2: Pressure composition isotherms for hydrogen absorption in a typical 
intermetallic compound on the left hand side. The solid solution (α-phase), the 
hydride phase (β-phase) and the region of the coexistence of the two phases are shown. 
[Reprinted with permission from [7]. Copyright Elsevier (2003)] 
 
 
1.3 Vehicular Hydrogen Storage Approaches 
 
 Shown in Table 1.2 are six of current on-board hydrogen storage approaches 
include compressed hydrogen gas, cryogenic liquid hydrogen, high surface area 
sorbents, metal hydrides, complex metal hydrides and chemical hydrogen storage. 
The first two methods have reached the engineering prototype stage while for the 
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other methods, there is still much to be done in selecting the optimum system for 
further development.  
 
Figure 1.3 presents the status of the hydrogen storage technologies and their 
position with the major performance targets [2] and Table 1.3 summarizes the 
advantages and disadvantages of each H2 storage approaches. Most automakers are 
considering either the high pressure gaseous or cryogenic liquid hydrogen storage 
options for passenger vehicles. However, these two technologies are not a practical 
solution due to expensive costs and safety issues. Even with the most advanced 
technology, for instance, carbon fiber wrap/polymer liner tanks capable of holding 
700 bar pressure, compressed gas offers less than 4-wt% H capacity, and a daunting 
space requirement. Storage as liquid hydrogen is equally inefficient because the 
liquefaction process consumes almost 40% of the energy equivalent in the product, 
even if the difficult problem of containment can be overcome. Adsorption on carbon 
materials, such as carbon nanotubes, or high specific surface area (> 1500 m2/g) 
activated carbons, requires cryogenic conditions and a high operating pressure (~ 100 
bar) to achieve realistic energy densities. Hence, the main research emphasis is now 
on solid state hydrogen storage, especially chemical forms of hydrogen storage, such 





















Phenomenon and remarks 
High Pressure 
gas cylinder 
<4 < 40 RT 800 Compressed gas (molecular H2) in 
lightweight composite cylinders 







70.8 -252 1 Liquid hydrogen (molecular H2) 
continuous loss of a few % per day of 
hydrogen at RT 
Adsorbed 
hydrogen 
< 2 20 < -
80 
100 Physisorption  (molecular H2) on 
materials e.g. carbon with a very large 
specific surface area, fully reversible 
Adsorbed on 
interstitial sites 
in a host metal 
~ 2 150 RT 1 Hydrogen (atomic H) intercalation in 
host metals, metallic hydrides working 
at RT are fully reversible 
Complex 
compounds 
< 18 150 >100 1 Chemisorption: complex compound 
([AlH4]- or [BH4]-), desorption at 






< 14 > 150 RT 1 Chemical oxidation of metals with 






Figure 1.3: Status of hydrogen storage technologies in term of storage density with 
respect to US technical target [Reprinted with permission from [1]. Copyright 
Elsevier (2004)] 
1]     
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 Table 1.3: Advantages and drawbacks of six available hydrogen storage methods 
 
Storage method Advantages Drawbacks 
High Pressure gas 
cylinder 
Well established high 
pressure storage method 
Relatively low density 
together with a very high 
pressure 
Liquid hydrogen in 
cryogenic tanks 
Working at ambient 
pressure 
Large energy for 
liquefaction and the 




Low operating pressure, 
the relatively low cost and 
simple design 
Small gravimetric 
hydrogen density, together 




on interstitial sites in 
a host metal) 
Working around ambient 
temperature and 
atmospheric pressure 
The gravimetric hydrogen 
density is limited to less 
than 3 mass%. 
Complex 
compounds/hydrides 
Light weight, very high 
gravimetric and volumetric 
hydrogen density  
Stable and decompose only 




High gravimetric and 
volumetric hydrogen 
density  
Reversibility problem  
 
1.4      Motivations and Objectives 
 
 Considerable research is recently focused on new solid substances for 
hydrogen storage, however, no current technologies or materials can satisfy DOE’s 
target for FreedomCAR. The development of storage media with high hydrogen 
capacity is therefore of great importance and world-wide research has been intense 
during the last decades [9]. 
 
So far, it has not been possible to achieve all desirable material properties for 
hydrogen storage system simultaneously in a single substance [10]. Table 1.4 lists the 
theoretical versus maximum achieved storage capacity of various solid storage 
materials. For hydrogen storage, the material capacity goals set for FreedomCAR by 
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DOE are 5-wt% by 2007, 6-wt% by 2010 and 9-wt% by 2015. Among materials 
tabulated in Table 1.4, light weight complex hydrides and lithium-nitrogen system are 
the two most promising storage candidates that have the potential to meet the 
FreedomCar goals, especially for those 2015.  
 
Table 1.4: Summary of hydrogen-storage capacity of various solid storage materials 
[50] 
 
Material H2 sorption capacity (wt %) 
 Theoretical Maximum Achieved 
Complex Hydrides   
                NaAlH4 7.5 5.3 
                KAlH4 5.7 3.5 
                Mg(AlH4) 9.3 6.6 
                LiBH4 18 13.3 
Nanotubes   
C - 4.0 
                BN - 4.2 
                TiS2 - 2.5 
                MoS2 - 1.2 
Lithium- Nitrogen   
                Li3N 11.5 9.3 
                Li2NH 6.8 6.5 
                Ca2NH 2.1 1.9 
Microporous MOF - 4.5 
 
 
The bright future of hydrogen economy has motivated the scientific 
community to develop a breakthrough material in hydrogen storage. Among all of the 
various solid storage systems, lithium-nitrogen system showed promising subject to 
its amazing storage capacity. The research of using lithium-nitrogen as a potential 
storage material and its reaction mechanism are still at the infant stage. Some 
experimental and theoretical problems need to be resolved to meet practical 
application. For instance, the operation temperature is relatively high (> 200oC) for 
on-board fuel cell application; the life span must be improved. Moreover, there is still 
lacking in clear understanding for the hydrogenation and dehydrogenation over 
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lithium-nitrogen system. All these difficulties might be resolved by the involvement 
of nanotechnology. It has been reported that the thermodynamic properties of 
materials might be changed by reducing the particle size to a point where surface 
activity could actually drive the reaction. Substituting atoms at defect sites in solids 
might provide binding locations for hydrogen. Defect sites, themselves, might 
additionally provide binding sites for hydrogen [11, 12].  
 
In view of the above interesting and challenging problems, this thesis aimed to 
present works in exploring a novel storage candidate, lithium-nitrogen system, due to 
its unprecedented hydrogen capacity and interesting thermodynamics for hydrogen 
storage. The objective of this project is chiefly to provide a good candidate that can 
meet DOE’s targets for on-board hydrogen storage. The key deliverables in this 
project are namely: 
 
• To prepare lithium-nitrogen based compounds and investigate their 
behaviors for hydrogen storage 
• To explore novel approaches that help to alter and improve the 
adsorption and desorption properties of lithium-nitrogen system  
• To deepen the fundamental understanding of physical chemistry 
associated interaction between metal-nitrogen system and hydrogen 
 
1.5 Structure of Thesis 
 
 The thesis consists of seven chapters. Firstly, general overviews about 
hydrogen storage as well as theoretical considerations of hydrogen-solid adsorption 
are briefed in Chapter 1. 
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 Secondly, historical reviews and current frontier researches in solid state 
hydrogen storage are described in Chapter 2. This chapter gives an extensive review 
on diverse solid hydrogen storage materials that received great attention in past 
decade, such as carbon nanostructured, non-carbonaceous nanotubes, nanoporous 
adsorbent, metal hydrides, complex metal hydrides and nanosized lithium-nitrogen 
based systems. The implications of mechanochemical synthesis also discussed in this 
chapter.  
 
 Next, the detail of chemicals, methods, techniques and instruments used to 
synthesize, evaluate and characterize the investigated samples are discussed in 
Chapter 3. 
 
 Chapter 4 presents a more detailed investigation on the effect of pressure on 
hydrogen absorption over Li3N, with emphasis on temperature and enthalpy changes 
measured in-situ using High Pressure Differential Scanning Calorimetry (HP-DSC). 
In principle, the technique reveals, in real time, not only trends in the exothermicity of 
absorption, but also allows estimation of molar heats of formation of relevant 
chemical and structural intermediate (hydride) forms.  
 
 Chapter 5 reports the excellent storage properties of Lithium Imide (Li2NH) 
prepared via viable solid exchange approach. Li2NH is another derivative of lithium-
nitrogen system with substantial storage capacity. A detailed investigation on low 
temperature adsorption behaviors of Li2NH are first reported in this chapter. The 
effect of mechanical activation on hydrogen adsorption properties of Li2NH is then 
elucidated in Chapter 5. In addition, Chapter 5 also reports the enhancement effect on 
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reversibility and stability of the Li2NH storage system due to the addition of 
Magnesium.  
 
 Chapter 6 describes the dehydriding study of a novel Li-Mg-N-H storage 
system. A successful approach to improve desorption temperature of lithium-nitrogen 
system by chemical modification and destabilization is demonstrated in this chapter.  
 
 Finally, Chapter 7 gives an overall conclusion of the results in this work. The 










 Hydrogen storage is a challenging issue that cut across production, delivery 
and end use applications of hydrogen as energy carrier. As briefed in Chapter 1, 
hydrogen generally can be stored in 3 major forms: gaseous form (compressed), liquid 
(20 K or -253oC) and solid forms. The current available gas cylinder and liquid 
hydrogen storage technologies are rather established technologies but suffering from 
low gravimetric hydrogen density. Hydrogen solid-state storage, still at its infancy, 
appears as a possible attractive alternative. According to James A. Ritter [13], solid 
matrix method of hydrogen storage is the only option that has any hope of achieving 
the ideal gravimetric and volumetric densities. This is particularly due to its improved 
safety and volumetric energy density. Nevertheless, if this solution is chosen there are 
penalties to be paid in terms of weight efficiencies, thermal management and up-
scaling. Intensive research is ongoing to overcome the limitations of existing 
hydrogen storage technologies and to develop viable solutions, in terms of efficiency 
and safety. Hence, great interests and efforts have been diverted in exploring the new 
solid state hydrogen storage system such as physisorption on carbon nanostructures or 
other nanoporous and chemisorption on metal or complex hydrides [3, 4, 9]. This 
section summarizes historical developments and current state-of-art of solid state 
hydrogen storage technologies which include nanostructured carbon, nanoporous 
adsorbent, metal hydrides and complex hydrides. This section will also highlight 
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frontier researches and developments concentrating on the most recent developed and 
promising storage solutions, lithium-nitrogen system, which is the core study system 
in this work. The implication of mechanochemical synthesis method (ball milling) is 
introduced in this chapter as well.  
 
2.1 Hydrogen Storage in Carbon Nanostructured Materials 
  
 The discovery of new classes of carbon materials such as graphite nanofibers 
and carbon nanotubes has opened the door to promising hydrogen storage candidates. 
So far, three major production techniques, i.e. arc-discharge, laser ablation, and 
catalytic growth are generally applied [14].  
 
2.1.1 Graphite Nanofibers 
 
 Graphite nanofibers (GNFs) were discovered in 1970s and consist of stacked 
nanosized graphene layers forming an ordered structure of slit-like pores with many 
open edges. The length of these GNFs varies between 5 to 100 μm and their diameter 
between 5 to 200 nm [15]. GNFs are grown by the decomposition of hydrocarbons or 
carbon monoxide over metal catalysts. Three distinct structures can be produced: 
platelet, ribbon and herringbone as shown in Figure 2.1 [16]. The unique properties of 
GNFs suggest that the material is ideal for selective adsorption [17].  Hirscher et. al. 
claimed that herringbone type structure pertaining a possible hydrogen uptake 
geometrically due to the accessibility of all sheets from the outside and short diffusion 
paths into the nanostructured [18].  
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 Figure 2.1: Schematic representations of the three forms of graphitic nanofibres: (a) 
platelet (b) ribbon and (c) herringbone structures [Reprinted with permission from 
[16b]. Copyright (2001) American Chemical Society] 
  
 
 A. Chamber et. al reported that over 60 wt % storage of GNFs at ambient 
temperature and 12MPa [19]. The author claimed that such high adsorption capacity 
is due to the capillary condensation at abnormally high temperature. However, Dillon 
and Heben questioned that these very high hydrogen storage capacities are 
inconsistent with theory [20].  The extraordinary high results were later suggested to 
be influenced by the presence of water vapor, which expanded the spacing between 
the graphite layers to accept multiple layers of hydrogen [21]. Attempts by other 
research groups to reproduce such high capacities GNFs have failed, and typical 
results of < 2 wt % were obtained as summarized in Table 2.1.  
 
 M. Rzepta simulated the hydrogen uptake of GNFs with a canonical ensemble 
Monte Carlo program. They found that no hydrogen can be adsorbed at all for 
interplanar distance of graphene layer in GNFs of 3.4 Å [24]. Even at interplanar 
distance of 7.0 Å, 1 wt % of maximum excess adsorption was obtained. Hence, these 
findings do not support the conclusion made by Chamber which claimed that high 
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storage capacity due to capillary condensation at abnormally high temperature. In 
summary, research works on GNFs as hydrogen storage material showed low 
hydrogen capacity and reproducibility. Further work is needed both experimentally 
and theoretically to clarify the uncertainty in various experiments.  
 
 
Table 2.1: Summary of hydrogen capacities on GNFs reported by several research 
groups  
 
Research Group Measurement 
Method 
Conditions 
(P = Pressure ; 





Ahn et. al. [22] Volumetric P = 8 MPa; T = 77K & 
P = 18MPa; T = 300K 
< 0.01 
Strobel et. al. [23] Microbalance P = 12.5 MPa; T = 296K 1.6 
Hirscher et. al.  
[24] 
Volumetric P = 11MPa; Room Temperature < 0.05 
    
 
 2.1.2 Carbon Nanotubes 
 
 Another promising class of carbon materials, carbon nanotube was first 
reported in 1991 by Iijima [25]. A nanotube (also known as a buckytube) is a new 
member of the fullerene structural family, which also includes buckyballs. Whereas 
buckyballs are spherical in shape, a nanotube is cylindrical, with at least one end 
typically capped with a hemisphere of the buckyball structure. Their name is derived 
from their size, since the diameter of a nanotube is on the order of a few nanometers 
(approximately 50,000 times smaller than the width of a human hair), while they can 
be up to several microns in length. There are a number of options for hydrogen 
storage in nanotubes: single-walled nanotubes (SWNT, diameter 1-2 nm) or as multi-
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walled nanotubes (MWNT, diameter 5-50 nm) or can be utilized in its pristine state or 
in a doped state. A schematic diagram of SWNT and MWNT is shown in Figure 2.2.  
 
                                
(a)        (b) 
 
Figure 2.2: Schematic diagrams of (a) single-walled carbon nanotubes and (b) multi 
walled carbon nanotubes [25] 
 
 
 Two ways has been proposed that hydrogen can be adsorbed by carbon 
nanotubes, physisorption and chemisorption. As a result of van der Waals forces, both 
single- and multi-walled nanotubes self-assemble to form bundles, typically 10 - 100 
nm in diameter. In the bundled sample, physisorption of hydrogen occurs in carbon 
nanotubes by trapping hydrogen molecules inside the cylindrical structure of the 
nanotube or by trapping hydrogen molecule in the interstitial sites between nanotubes. 
The main difference between carbon nanotubes and high surface area graphite is the 
curvature of the graphene sheets and the cavinity inside the tube. In microporous 
solids with capillaries which have a width not exceeding a few molecular diameters, 
the potential fields from opposite walls will overlap so that the attractive force which 
acts up on adsorbate molecules will be increased as compared to a flat carbon surface 
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[7]. Stan and Cole reported that the adsorption potential was found to be 9 kJ mol-1 for 
hydrogen molecules inside the nanotubes at 50K; the potential is about 25% higher as 
compared to the flat surface of graphite due to the curvature of the surface resulted 
increased number of carbon atoms interact with the hydrogen molecule [26]. The ratio 
of hydrogen adsorbed in the tube to that on flat surface decreases strongly with 
increasing temperature. Besides, the amount of adsorbed hydrogen is proportional to 
specific surface area and therefore, to the maximum of condensed hydrogen in a 
surface monolayer at temperatures above the boiling point.  
 
 
Figure 2.3: Reversible amount of hydrogen adsorbed (electrochemical measurement at 
298 K) versus the surface area (red circles) of a few CNT samples including two 
measurements on high surface area graphite (HSAG) samples together with the fitted 
line. Hydrogen gas adsorption measurements at 77 K from Nijkamp et al. (black 
squares) are included. The dotted line represents the calculated amount of hydrogen in 
a monolayer at the surface of the substrate. [Reprinted with permission from [7] 
Copyright Elsevier (2003)]  
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 Figure 2.3 shows the maximum amount of adsorbed hydrogen for the 
physisorption on carbon nanotubes [7]. No evidence of an influence of the geometric 
structure of the nanostructured carbon on the amount of adsorbed hydrogen was found. 
The curvature of nanotubes may only influence the adsorption energy instead of 
amount of hydrogen adsorbed.  
 
 Chemisorption occurs by hydrogen dissociation and reaction with carbon. Liu 
et. al. noticed that, residual hydrogen released from sample treated with hydrogen gas 
under high pressure upon heating above 400K during desorption cycle [27]. S. P. 
Chan et. al discussed the interaction between a hydrogen molecule with a single 
carbon nanotube under high pressure [28]. They found chemical adsorption to be 
unfeasible under gas phase conditions, but possible in the solid of a carbon nanotube 
array.  
 
 The dissociative chemisorption of hydrogen molecules in the interstitial region 
on the exterior of carbon nanotubes is made possible by the high pressure 
environment. The key difference between the solid phase and gas phase is the 
presence of many carbon nanotubes in a tightly packed array in solid. For a concerted 
dissociative addition process in the gas phase, the hydrogen is pushed directly towards 
the wall of a carbon nanotube and the resulting van der Waals repulsion is too strong 
to overcome.  
 
 In solids, the incoming hydrogen is pushed towards the interstitial region 
between two neighboring nanotubes. Hence, the van der Waals repulsion is reduced; 
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the two nanotubes and hydrogen molecule are lined up optimally for converted 





Figure 2.4: The structures and transition structures for the dissociative H2 
chemisorption on an array of carbon nanotubes in solid under high pressure. 




2.1.2.1 Single-walled Carbon Nanotubes (SWNTs) 
 
SWNTs are the simplest being but a single graphite sheet rolled into a thin 
tube as shown in Figure 2.5 (a). SWNTs self-organize into ropes that consist of 
hundreds of aligned SWNTs on a two-dimensional triangular lattice, with an intertube 
spacing (van der Waals gaps) [29]. 
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 S. M. Lee reported that different possible geometries will form when hydrogen 
adsorbs to a SWNT material [31]. Arch-type geometry will form when hydrogen 
exothermically chemisorb to the top sites of carbon atoms on the tube wall and 
essentially bonded to every carbon atom on the outside of the tube wall. Another 
geometry, where hydrogen atoms are bonded alternatively at the exterior and interior 
of the nanotubes, called zig-zag-type. This geometry is more stable due to the 
minimization of the strains on the C-C bond. Another stable geometry forms when 
hydrogen molecule is stored in side the empty space of nanotubes. S. M. Lee et. Al. 
concluded that repulsive energies determine the maximum storage capacity of 
hydrogen inside the nanotubes and the stability of the tubes because excessive 
hydrogen storage will result in large repulsive energies and eventually break the tube 








                         (a)                                                                       (b) 
 
Figure 2.5: (a) Schematic diagram of carbon nanotubes; (b) TEM image of a SWNT 
bundle separated from a rope with a diameter of about 200 nm [Reprinted with 
permission from [30]. Copyright (2002), American Institute of Physics] 
  
 
 Much works on reversible hydrogen sorption on carbon nanostructured were 
stimulated by findings published in an article from Dillon and co-workers [33]. This 
paper reported the thermal desorption experiment on early SWNT material with a 
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purity of only 0.1 – 0.2% SWNTs. This SWNTs material adsorbed 0.01wt % 
hydrogen under ambient conditions. From this, Dillon extrapolated a hydrogen 
adsorption capacity of 5-10wt % for pure SWNTs. Followed this, many succeeding 
works focused on the synthesis and purification methods in order to increase the 
purity of SWNTs and then increase the hydrogen capacity corresponsively.  Table 2.2 
gives a summary of major contributions related to SWNTs in recent year.   
 
Table 2.2: Summary of major research contributions in developing SWNTs for 
hydrogen storage 
 
Year Contributions Conditions Storage 
Capacities 
1999 Measurement by volumetric means on 
50 -60% SWNT purity 
 
Liu et. al. [34] 
 
P = 10 MPa, 
room temperature 
4.2 wt % 
1999 Studied on higher purity SWNTs 
purified with different methods. The 
higher adsorption capacity was observed 
on “cut” sample, where the ends of the 
nanotube are removed to enable direct 
access of hydrogen molecule. 
 
Ye et. al. [35] 
 
P = 4 MPa,  
T = 80 K 
~ 8 wt %   
1999 Development of a cutting technique that 
produce more SWNTs with open ends. 
 
Dillon et. al. [36] 
 
P = 0.07 MPa, 
Room 
temperature 
3.5 – 4.5 wt 
% 
2000 Optimization to achieve higher 
adsorption capacities 
 
Dillon et. al. [37] 
 





Reproducibility remains an issue in developing carbon nanotubes for on board 
hydrogen storage application. Later in 2001, reproducible SWNTs by Hirsher and co-
workers showed much lower storage capacities, about 1wt % hydrogen. Hirsher et. al. 
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concluded that the results of Dillon et. al. were strongly influenced by the hydrogen 
uptake of titanium, a contaminant introduced into the SWNT sample from the Ti-alloy 
ultrasonic probe used to cut the SWNTs [38].  
 
2.1.2.2 Multi-walled Carbon Nanotubes (MWNTs) 
 
In 1999, Chen et. al. introduced alkali-metal doped MWNTs to achieve a 20 
wt % uptake  at 653K under ambient pressure [39]. The K-doped MWNTs can adsorb 
hydrogen at room temperature, but they are chemically unstable, whereas the Li-
doped MWNTs are chemically stable, but required elevated temperature for 
maximum adsorption and desorption [39]. These results were later taken into doubt by 
Yang, argued that the high storage capacities demonstrated by Chen et. al., was 
attributable to the uptake of water, not hydrogen by MWNTs [39]. It was shown that 
the alkali doping method did not lead to graphite intercalate with alkali ions, but to a 
complicated structure containing alkali oxides and hydroxides. Up to now, the 
hydrogen adsorption capacities of MWNTs were reported in the range of 0.5 to 4.0 wt 
% at room temperature [3]. 
 
2.2 Hydrogen Storage in Non-carbonaceous Nanotubes 
 
 Major development in non-carbonaceous nanotubes including boron nitride 
(BN), titanium sulfide (TiS2) and molybdenum sulfide (MoS2) will be briefly 




2.2.1 Boron Nitride Nanotubes (BN) 
 
 Boron nitride (BN) nanotubes are isoelectric and isostructural to carbon 
nanotubes. multiwalled and bamboo BN nanotubes can be prepared using Chemical 
Vapor Deposition as illustrated in Figure 2.6 [40]. The adsorption capacities of these 
materials were found in the range of 1.8 to 2.6 wt % as compared to 0.2wt % 
adsorption in conventional BN [40].  
 
 
Figure 2.6: The morphologies of BN nanotubes: (a) multi-walled nanotubes and (b) 
bamboo like nanotubes. Scale bar: 100 nm [Reprinted with permission from [40]. 




 Multi-walled BN nanotubes exhibit lower hydrogen adsorption capacity, 
mainly due to their closed ends and therefore adsorption only takes place on the 
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outside surface and interstitial sites of the tubes or bundles. Bamboo BN nanotubes, 
regarded as polymerized nanobells have a more defective structure and many open-
edge layers on the exterior surface lead to higher adsorption capacity. 
 
2.2.2 Titanium Sulfide Nanotubes (TiS2) 
 
 Titanium sulfide is an interesting material for hydrogen storage, since foreign 
atoms can be easily intercalated in between the S-Ti-S layers that are held by van der 
Waals interactions. This advantage gives facile compositional flexibility. Chen et. al. 
have synthesized multi-walled TiS2 with uniform open-ended tubular structure (see 
Figure 2.7) [41]. These materials reversibly store 2.5wt % hydrogen at 25oC and 4 
MPa. TiS2 nanotubes adsorb hydrogen chemically (40%) and physically (60%), but 
the storage capacity was found to decrease with increasing temperature.  
 
 
Figure 2.7:  TEM (a, b) and HRTEM (c) images of as-synthesized TiS2 nanotubes 
[Reprinted with permission from [41]. Copyright (2003) American Chemical Society] 
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2.2.3 Molybdenum Sulfide Nanotubes (MoS2) 
 
 MoS2 nanotubes were synthesized by direct reaction of (NH4)2MoS4 and 
hydrogen using ball milling method [42]. The ball milled, fine powder is then 
transferred to an alumina substrate and sintered in floating hydrogen/thiophene at 
400oC for 1 hour to form wire-like nanotubes with 90% purity. Figure 2.8 shows 
different MoS2 prepared under different conditions. When treated with KOH, the 
surface area of the nanotubes increased, mainly due to defects induced in the nanotube 
multiwalls which supported by SEM and HRTEM in Figure 2.9 [42].  
 
 
Figure 2.8: SEM images of MoS : (a) polycrystalline, (b) nanotubes without KOH 
treatment, and (c) nanotubes with KOH treatment. [Reprinted with permission from 
[42] Copyright Elsevier (2003)] 
 
 
    
 
Figure 2.9: (a) TEM and (b) HRTEM images of MoS2 nanotubes without KOH 
treatment (c)HRTEM images of KOH-treated MoS2 nanotubes [Reprinted with 
permission from [42] Copyright Elsevier (2003)] 
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2.3 Hydrogen Storage in Other Nanoporous Adsorbents 
 
2.3.1 Zeolites  
 
 Besides nanostructured materials, other nanoporous adsorbent such as zeolite 
has been considered and explored as potential hydrogen storage candidate. Zeolites 
are a large class of highly crystalline aluminosilicate materials, defined by a network 
of linked cavities and pores of molecular dimensions that gives rise to their molecular 
sieve properties. Zeolites of different pore architectures and compositions, e.g. A, X, 
Y have been tested in temperature range from 293K to 573K and pressure range of 2.5 
to 10 MPa [43]. It was observed that hydrogen was adsorbed at the desired 
temperature and pressure. Hydrogen release upon heating of the samples to the 
adsorption temperature was measured. The amount of hydrogen adsorbed increased 
with temperature and absorption pressure. The maximum amount of desorbed 
hydrogen was found to be 0.08 wt % for a sample loaded at a temperature of 300 oC 
and a pressure of 10 MPa. This behavior indicates that absorption is caused by a 
chemical reaction rather than physisorption. At liquid nitrogen temperature (77 K), 
the amount of absorbed hydrogen is proportion to the specific surface area of the 
material. A maximum of 1.8 wt. % of adsorbed hydrogen was found for a zeolite 
(NaY) with a specific surface area of 725 m2· g-1 [44]. The low temperature 
desorption (Type I isotherm) of hydrogen in zeolites is in good agreement with the 
adsorption model of carbon nanostructured. The desorption isotherm followed the 
same path as adsorption indicates that no hysterisis occurred [7]. 
 
 Zeolites become interesting materials because the diameter of the cages and 
the channels can be controlled by exploiting their ion exchange property to modify the 
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valence state and the size of the exchangeable cations [45]. Langmi et. al. investigated 
the role of the framework structure and exchangeable cations in hydrogen adsorption. 
The hydrogen capacities of zeolites X, Y, A and Rho, containing alkali metal cations 
and alkaline earth metal ions were examined at -196oC and 15 bar. The highest 
hydrogen capacity for zeolite X materials was 2.19wt % [45]. They also claimed that 
both zeolites X and Y which have very open frameworks and entry to most of the 
internal pore space are not expected to be restricted by even the largest cation [45]. 
 
2.3.2 Metal Organic Framework (MOF) 
 
 Recently, a new class of microporous material, Metal Organic Frameworks 
(MOFs) has gained lots of attention due to its separation and adsorption properties. 
Crystalline MOFs consisting of ZnxO subunit and linked by organic unit contains 
cubic cavities of uniform size and internal structure (see Figure 2.10) [46, 83]. The 
material, MOF-5, in which inorganic [OZn4]6+ groups are joined to an octahedral 
array of [O2C-C6H4-CO2]2- to formed porous cubic framework, was shown to adsorb 
1-wt % hydrogen at a temperature of 25 oC and was strongly dependent on the applied 
pressure. The slope of the linear relationship between the gravimetric hydrogen 
density and the hydrogen pressure was found to be 0.05 wt %·bar-1. At 77 K, the 
amount of adsorbed hydrogen was 3.7 wt % at very low hydrogen pressures and 
showed an almost linear increase with pressure [47]. 
 
 The specific hydrogen uptake for similar structure like IRMOF-6 (Figure 2.10 
b) and IRMOF-8 (Figure 2.10c) is reported doubled and quadrupled as compared to 
MOF-5 because of  variation in the structure of organic linker. The hydrogen 
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adsorption capacity of these structures is comparable with carbon nanostructure at 






Figure 2.10: Single-crystal x-ray structures of (a) MOF-5; (b) IRMOF-6 and (c) 
IRMOF-8 illustrated for a single cube fragment of their respective cubic three- 




2.4 Hydrogen Storage in Metal Hydrides 
 
 Metallic hydrides appear to be popular group of material for hydrogen storage 
due to their high storage capacities at low pressures, whilst they also maintaining 
volumetric densities comparable to liquid hydrogen. Metallic hydrides form a wide 
range of stoichiometric and non- stoichiometric compound by direct interaction of 
hydrogen with metals and act like a sponge absorbing gaseous hydrogen. Through a 
chemical adsorption, solid metal hydride compounds are formed, under hydrogen 
pressure, and heat is released. Conversely hydrogen is released when heat is applied 
to the materials, through, for instance, heating of the tank and by reducing the 
pressure. The hydrogen molecule is first absorbed on the surface and then dissociated 
into individual hydrogen atoms. The metals are alloyed to optimize both the system 
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weight and the temperature at which the hydrogen can be recovered. When the 
hydrogen needs to be used, it is released from the hydride under certain temperature 
and pressure conditions. This process can be repeated many times without loss of 
storage capacity [48].  
 
 For hydrogen storage application, metallic hydrides can be classified in three 
categories, interstitial metallic hydrides, activated magnesium rich powder and 
complex hydrides (see Table 2.3) [49]. This section will mainly focuses on two types 
of complex hydrides, aluminum hydrides and borohydrides, because of their highest 
potential to satisfy DOE targets by 2015 (see Figure 2.11).  
 
Table 2.3: Three categories of metal hydrides 
Metal Hydrides Storage Capacities Remarks 
Interstitial metal 
hydrides 
< 3-wt % @ 60 - 70oC 
 










5-6-wt % @ 260 - 280 oC, 1 bar 
 
(e.g. MgH2, MgNi alloy, Mg/C) 
Low cost, large hydrogen 









* Analates and  
   their isostructure  
   counterpart 
5-18 wt % 
 
(e.g. Aluminum hydrides, 
borohydrides) 
Slow desorption kinetic 
and high operation 
temperature. Hence, most 
of the recent works are 







Figure 2.11: Hydrogen storage capacity (considering mass and volume) for metal 
hydrides, carbon nanotubes, petrol and other hydrocarbons [Reprinted with 
permission from [48]. Copyright Elsevier (2003)] 
 
 
2.4.1 Complex Hydrides  
 
 Complex hydrides are inorganic salt-like compounds of anions such as [BH4]- 
and [AlH4]-, stabilized mainly by Group I, II and III light metals such as Li, Mg, Al. 
They are especially interesting because of their light weight and the number of 
hydrogen atoms per metal atom, normally 2 [7]. The hydrogen in complex hydrides is 
located at the corner of a tetrahedron with the metal in the center. The hydride 
complexes of boron are called tetrahydroborates, M(BH4) and of aluminum, the 
tetrahydroaluminates, M(AlH4). M(AlH4) are the most promising hydrogen storage 
materials discovered to date as they have demonstrated high levels of reversible 
adsorption capacity of 5-6 wt % to fulfill DOE requirements [50]. Their pure bulk 
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form exhibit stable thermodynamic properties and they have high decomposition 
temperature, usually above melting temperature. However, recent developments by 
adding dopants or catalysts can help to destabilize the systems in order to reduce the 
decomposition temperature, improve adsorption efficiency and reducing grain size.  
 
2.4.1.1 Aluminum Hydrides 
 
 Aluminum hydrides of light alkali metals have high hydrogen reversible 
storage capacity but not always easy to prepare. From literature, different synthesis 
approaches were reported as follow: 
 
a) reaction of NaH and NaAlH4 to form Na3AlH6 in heptane at 165K and 140 bar of   
    hydrogen or direct reaction of sodium and aluminum in toluene at 438K and 350   
    bar hydrogen [51] 
 
b) reaction of LiAlH4 and NaH to form Na2LiAlH6 at 160oC and 300 bar of hydrogen  
    [52] or reaction of NaAlH4, LiH and NaH in heptane under hydrogenation  
    temperature [53] 
 
 Different preparation methods lead to different morphologies and grain sizes. 
For instance, Bogdanovic et. al. have shown formation of different particle sizes and 
shapes of NaAlH4 caused by different isolation method of NaAlH4 from a 
tetrahydrofuran (THF) solution of commercial Na alanates [54]. All of the samples 
were characterized using Scanning Electron Miscroscopy (SEM) as illustrated in 
Figure 2.12. Particles of size range of approximate 5-10 mm were obtained by 
pouring solutions of NaAlH4 in THF into pentane.  
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Figure 2.12: Scanning electron microscopy (SEM) images of NaAlH crystals obtained 
by precipitation of NaAlH from tetrahydrofuran (THF) solutions by addition of ether 
(a) or pentane (b), or by pouring THF solutions of NaAlH into pentane (c). [Reprinted 
with permission from [54]. Copyright Elsevier (2000)] 
 
 Although finer particles were produced via wet chemistry method, but this 
method require addition effort of filtration, washing and drying to purify the product. 
Hence, a low temperature and pressure preparation method that gives high yield 
without purification may be more suitable for commercial applications. Huot et. al. 
synthesized nanocrystalline Na3AlH6 and Na2LiAlH6 through energetic ball milling of 
NaH, LiH and NaAlH4 in stoichiometric composition [55].  This again proves the 
ability of high energy ball milling in producing nanoscale hydrides quickly and 
efficiently.  
 
 Thermal decomposition of NaAlH4 takes place in two steps to give NaH, Al 
and H2, which give theoretical hydrogen of 3.7 wt % and 1.8 wt % respectively. The 
equilibrium hydrogen pressure at room temperature is approximately 1 bar and a 
complete conversion to product can be achieved under 175 bar hydrogen pressure in 
2-3 hours [7]. 
 
NaAlH4 ↔ 1/3 Na3AlH6  +  2/3 Al  +  H2    (3.7 wt % H2)                                    (2.1) 
1/3 Na3AlH6 ↔ NaH  +  Al  +  3/2 H2         (1.8 wt % H2)                          (2.2) 
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 Unfortunately, this sodium alanates system is suffering from high 
decomposition temperature. Recently, many researchers are studying on the 
mechanism and dynamics of hydrogen desorption by addition of catalyst in order to 
accelerate the decomposition and reduce the temperature. In 1997, Bogdavanic and 
Schwickardi showed adsorption and desorption pressure-concentration isotherms for 
catalyzed NaAlH4 by [Ti]n+ cation at temperature of 180oC and 210oC [53]. The 
isotherm with nearly horizontal pressure plateau indicating no hysterisis occurred. 
The catalyzed NaAlH4 system stores up to 4.2 wt % of hydrogen reversibly. A more 
recent report by Bogdavanic et. al. reported that doping  Na Alanate with TiN 
nanoparticles could further reduce the decomposition temperature to range of 120 - 
180 oC as well as the hydrogenation time required for practical purposes. Furthermore, 
the desorbed hydrogen could reach close to theoretical limit, but the hydrogen 
capacity slightly decrease over several cycles before stabilizing [56]. Anton has 
recently studied the effect of a wide range of dopants on the NaAlH4 hydrogen 
adsorption and kinetics, Ti showed the best result [57]. .   
 
 Variation in NaAlH4 particle size, dopants (catalysts) and doping procedures, 
kinetics, the de- and rehydrogenation stabilities within different cycles can be 
improved by underscoring the importance of nanocystalline processing. However, the 
detailed mechanism and kinetics as well as the nature of catalysts in this system have 








 Among all the alkali or alkaline earth metal borohydrides, lithium borohydride 
(LiBH4) is well recognized for its highest hydrogen storage content up to 18 wt %. 
Thermal analysis shows 3 major peaks for LiBH4 corresponding to the 3 reactions 
shown as Equation 2.1-2.3. The first peak at 100oC attributed to structural transition 
from orthorhombic to polycrystalline with small liberation of 0.3 wt % hydrogen. A 
fusion is then observed at 270oC without liberation of hydrogen. At 320oC, an 
additional of 1wt % of hydrogen desorbs. The second desorption peak starts at 400oC 
and reaches its maximum at 500oC. Total of 9 wt % of hydrogen desorbs up to 600oC, 
corresponds to half of the hydrogen in starting compound [58]. 
 
LiBH4 --> LiBH4-ε + 1/2 (ε) H2                   (2.3) 
(structural transition at T = 108oC) 
 
LiBH4-ε --> "LiBH2" + 1/2 (1- ε) H2                  (2.4) 
(first hydrogen peak starting at T = 200oC) 
 
 
"LiBH2" --> LiH + B + 1/2 H2                  (2.5) 
(second hydrogen peak starting at T = 453oC) 
 
 
 According to Zuttel, the desorption kinetic of LiBH4 can be catalyzed by 
adding SiO2 and significant improvement in desorption has been observed [59]. A 
total of 4.5 wt % of hydrogen remains as LiH in the decomposed product.  
 
 
 In most of the reports, the grain size distribution is not conducted. However, 
based on results of other hydride system, the desorption kinetics of LiBH4 can be 
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further improved by preparing nanoscale borohydrides and adding small amount of 
dopants.  
 
2.5  Hydrogen Storage in Lithium-Nitrogen based Systems 
 
 A new storage material based on transformations between a series of lithium–
nitrogen–hydrogen compounds has been identified recently. Researchers from the 
National University of Singapore have made an accidental discovery that brings the 
promise of clean hydrogen energy a big step forward. Chen et. al. found a material, 
lithium nitride (Li3N) that can store and quickly release large amounts of hydrogen. 
Lithium nitride absorbs hydrogen when it is exposed to hydrogen that is under 
pressure. The chemistry involves one lithium nitride molecule combining with four 
hydrogen atoms to form lithium amide and lithium hydride. In the past few years, lots 
of efforts have been put on exploring this series of nanosized lithium-nitrogen system 
which including storage properties of lithium nitride, lithium amide/hydride and 
lithium imide.  
 
2.5.1 Lithium Nitride (Li3N) 
 
 Lithium nitride (Li3N) has layer structure and big ionic conductivity. It is 
usually use as raw material in the preparation of other nitrides. Figure 2.13 illustrates 
the unit cell of Li3N.  The hexagonal Li3N has two kinds of lithium ions Li+ on its unit 
cell. One is in one-fold position and other has two-fold position.  
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Li3N has a maximum theoretical hydrogen sorption capacity of 11.5 wt %. It 
was first reported the reaction between Li3N and H2 generated Li3NH4 by Dafert and 
Miklauz in 1910 as per Equation 2.6 [60, 61].  
 
 
Li3N + 2 H2 ↔ Li3NH4 ↔ (2LiH + LiNH2)                            (2.6) 
 
 Researchers from the National University of Singapore, Chen et. al. found that  
Li3N can store theoretically 11.4 % of its own weight in hydrogen, which is 50 
percent more than MgH2, the previous best hydrogen storage material. Other metal 
hydrides generally store only 2 to 4 % of their weight. Figure 2.14 shows the 
adsorption and desorption characteristic of fresh Li3N sample [62]. The adsorption 
starts around 100oC and a rapid weight gain is observed at temperature range of 170oC 
to 210oC. Total hydrogen adsorption of 9.3 wt % was reported after treating the 
sample at 255oC for half an hour. Hence, they claimed that significant amount of 
hydrogen can be observed if sufficient time is provided. About 6.3 wt % was desorbed 
under vacuum (10-5 mbar), and the remaining hydrogen can be desorbed at elevated 
temperature above 320oC. Most of the metal hydrides exhibit one plateau in Pressure-
Composition isotherm, however, Li3N has two. The first plateau has a low 
equilibrium pressure (below 0.07 bar) and the second plateau is sloped. The 
equilibrium pressure are 0.2 bar, 0.5 bar and 1.5 bar at 195oC, 230 oC and 255 oC 
respectively (see Figure 2.15). The hydrogen adsorbed during the first plateau might 
not easily desorb.  
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          From XRD measurement for samples at different stages of hydrogenation, Chen 
et. al. proposed that the hydrogen sorption in Li3N may occur in two reaction paths 
[62]:  
 
Li3N + 2H2 ↔ Li2NH + LiH              ΔH = - 165 kJ/mol H2                                    (2.7) 
 








                                                  
                              Figure 2.13: Unit cell of lithium nitride 
 
Figure 2.14: Weight variations during hydrogen absorption and desorption processes 
over Li3N samples [Reprinted with permission from [62]. Copyright Nature 




Figure 2.15: Pressure–composition (P–C) isotherms of Li3N and Li2NH samples. 
Pressure was increased step by step to 20 bars then gradually reduced to 0.04 bar, 
other details are given in the Methods. The x axis represents the molar ratio of H atom 
to Li–N–H molecule. a, Li3N at 195oC; b, Li3N at 230oC; c, Li3N at 255oC; d, Li3N re-
PCI at 255oC; e, Li2NH at 255oC and f, Li2NH at 285oC. [Reprinted with permission 
from [62]. Copyright Nature Publishing Group (2002)] 
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 The occurrence of reaction 2.8 is more thermodynamic applicable as it gives 
smaller enthalpy change (45 kJmol-1) which indicates 6.5 wt % of hydrogen can be 
adsorbed or desorbed more easily as compared to reaction 2.7.  
 
Hu and Ruckenstein later showed that the complete recovery of the Li3N  from 
the hydrogenated compounds is a difficult process that requires high temperatures 
(above 430oC) and long time during which sintering occurs and leads to inefficient 
recovery and deactivation of  Li3N [63, 64]. For this reason, they predicted that the 
reversible hydrogen storage to be limited to 5.5 wt %.  The new material is not ready 
for practical applications because the temperature required to release the hydrogen is 
too high, but it points the way to a practical hydrogen storage material. 
 
2.5.2 Interaction between Lithium Amide (LiNH2) and Hydride (LiH) 
 
 Amides of alkali metals have been widely used in organic synthesis. Lithium 
amide (LiNH2) was first synthesized and identified in 1894 [68]. It was found to be a 
strong base and a powerful deprotonation agent [69, 70] and superior performance in 
the alkylation of amines and condensation of esters [71, 72]. In LiNH2 molecule, 
lithium atoms have much larger positive charges than the corresponding hydrogen 
atoms and the Coulombic repulsions involving Li are stronger; thus, the Li-N-H bond 
angle is wider than H-N-H [73].  However, it should be noted that the Li-N bond is 
not 100% ionic. The calculated charge density of Li is +0.458, which is considerably 
lower than in ionic Li [74]. The overlap between p-orbital and N lone-pair p-orbital 
contributes significantly to the molecular geometry, i.e. inducing planarity in LiNH2 
and its obligomers [74]. LiNH2 is very sensitive to moisture, it will convert to LiOH 
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and NH3 when it reacts with water, and on heating in vacuum, it will decompose to 
lithium imide (Li2NH) and NH3 [75]. As reported by Chen et. al., the pure LiNH2 
decompose to Li2NH and NH3 at temperature above 300oC [77].  Whereas, the other 
substance, lithium hydride (LiH) is the simplest compound with face-centered-cubic 
crystal structure. In contrast to the Li-N bond in LiNH2 molecules, the Li-H bond is 
calculated to be highly ionic. Li is positively charged and H is negatively charged. 
LiH possesses the highest H density (14.4 wt%) among the metal hydrides but its 
thermal dissociation requires temperature above 550oC due to the strong Li-H bond.  
 
 Ichikawa et. al. reported that if Li3N is considered as starting material, the 
hydrogenated materials are finally decomposed into LiNH2 and 2LiH. This finding 
further inspired the author to investigate lithium amide (LiNH2) and lithium hydride 
(LiH) as starting material instead of lithium nitride (Li3N). Later, Ichikawa's group 
further studied the mechanism of reaction from LiNH2 and LiH to Li2NH and H2 [65, 
66]. They proposed that the reaction composes of two elementary reactions: 
 
2LiNH2 ↔ Li2NH + NH3                (2.9) 
NH3 + LiH ↔ LiNH2 + H2                 (2.10) 
 
These reactions are represented in equation 2.9 & 2.10. As in Figure 2.17 (i), 
the raw LiNH2 powder slowly emits NH3 from ~ 200oC and rapidly emits NH3 from 
370oC. In the mixture of LiNH2 and LiH as in Figure 2.17 (ii), LiH reacts with NH3 
which desorbed from LiNH2 and emits H2. This indicates the special interaction on the 
boundaries between LiNH2 and LiH surfaces for hydrogen desorption at low 
temperature.  Hence, both Hu et. al. [64] and Ichikawa et. al. [65] concluded that 
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hydrogen desorption from LiNH2 + LiH is actually mediated by ammonia transfer 









LiNH2 (i) LiNH2 (i) 
NH3 NH3 
LiH 
Sample Pan Sample Pan 
Figure 2.16: Schematic figures for sample arrangements of (i) LiNH2 alone, and (ii) a 
two- layered sample with LiH on LiNH2 used for TDMS analysis, both of which were                  




Figure 2.17: Thermal desorption spectra of hydrogen (real line) and ammonia (dashed 
line) from mixed LiNH2 and LiH powders under a constant heating rate (5oC/min):                   
Samples 1 and 2 were mixed using an agate mortar and pestle and sample 3 was                   
mixed by ball milling. The molar ratio of LiH to LiNH2 is 1:1 for samples 1 and 3,                   
and 1:2 for sample 2. [Reprinted with permission from [65]. Copyright Elsevier 
(2004)] 
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 The pioneer group, Chen et. al. further investigated the interaction between 
different molar ratio of lithium amide and lithium hydride mixtures and concluded 
that LiNH2 reacts with LiH at temperature around 150oC with hydrogen released. 
Their combined thermogravimetric (TG), X-ray diffraction (XRD), and infrared (IR) 
results are summarized in Table 2.4 [67]. They deduced that pure LiNH2 evolves NH3 
at elevated temperatures following reaction 2.7 with the reaction heat of  83.68 kJ/mol. 
However, the reaction path changes completely when LiNH2 is in contact with LiH. 
When 1 of LiH is used, hydrogen is released at much lower temperature and imide is 
formed: 
 
LiNH2 + LiH → Li2NH + H2                 ΔH = 45 kJ/mol                   (2.11) 
 
 
When 2 equivalent of LiH is used, H2 and imide-like structure formed at temperature 
below 320oC and H2 and Li3N formed at higher temperature [67]: 
 
 
LiNH2 + 2LiH → LixNH3-x + (x-1) H2 + (3-x) LiH → Li3N + 2 H2                      (2.12) 
 
Chen et. al. reported that the heat of reaction for the interaction between 
LiNH2 and LiH is less than decomposition of pure LiNH2; thus takes place at 






















LiNH2 374 NH3, N2, 
H2 
 






Li2NH ~ 6 6.5 
LiNH2-
2LiH 
245 H2 Li2.2NH0.8/ 
Li3Na 
 
6.5/9.6a 7.0 / 10.3a 
a After  heating to 430oC 
 
 The mixture of LiNH2 and LiH possesses still a large amount ~ 6.5 wt % of 
reversible hydrogen storage capacity, thus opens another new alternatives in advance 
hydrogen storage materials. Since then, other metal amides such as sodium amide 
(NaNH2), potassium amide (KNH2), magnesium amide (Mg (NH2)2), and calcium 
amide (Ca(NH2)2) also have been explored for their hydrogen storage capabilities.  
 
 
2.5.3 Lithium Imide (Li2NH) 
 
 Although Li3N possesses large hydrogen storage capacity up to 10.4-wt% and 
fast hydrogenation kinetic, but a key limitation factor that block it from practical 
applications is its dehydrogenation. Full desorption to regenerate Li3N, required 
temperature above 320oC even in dynamic vacuum. Because of incomplete 
dehydrogenation of hydrogenated Li3N, its reversible hydrogen capacity for all 
practical purposes at temperature below 200oC is around 5.2-wt% [76].  However, the 
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capacity can be improved to 6.5-wt% hydrogen by removing the excess LiH from the 
right hand reaction 2.8 [65]:  
 
Li2NH + H2 ↔ LiNH2 + LiH                                       (2.13) 
 
 In other word, if the initial material is Li2NH instead of Li3N, its hydrogenated 
products are LiNH2 and LiH in 1:1 ratio. This means that all LiH in the mixture 
(LiNH2: LiH) can release hydrogen during the first stage of hydrogenation. As a result, 
Li2NH could be a promising hydrogen storage material with reversible hydrogen 
storage capacity of 6.5-wt%, which is higher than DOE's target for year 2010.   
 
 The hydrogen sorption performance strongly depends on its preparation 
method but no commercial Li2NH is available yet so far. In laboratories, the 
preparation of Li2NH via direct thermal decomposition of LiNH2 (reaction 2.9) 
requires high temperature of 350oC overnight [67, 77, 78]. Hence, this approach that 
requires high energy input in addition releases NH3 which harms the environment, 
limiting Li2NH use as practical storage application. However, the great interest has 
been renewed when Hu and Ruckenstein reported a new and efficient approach to 
synthesis Li2NH only in 10 mins at 210oC via the exothermic solid exchange between 
Li3N and LiNH2 without any byproducts [79]: 
 
Li3N + LiNH2 → 2 Li2NH   ΔH= -77kJ/mol                     (2.14) 
 
This fast reaction can take place by two pathways: (a) gas intermediates and (b) 
direct ion exchange. Hu and Ruckenstein inclined to believe that the fast exchange 
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reaction between Li3N and LiNH2 takes place via gas intermediates and not direct ion 
exchange because particles of 10 μm cannot generate large interfaces between them 
[79]. LiNH2 can partially decompose to release NH3 even at about 170oC, 
consequently, at 210oC and above, the NH3 released from LiNH2 can react with Li3N 
to form Li2NH: 
 
2LiNH2 --> Li2NH + NH3                 (2.15) 
2Li3N + NH3 --> 3 Li2NH                (2.16) 
 
Generally, the direct decomposition of LiNH2 is very slow at temperatures 
below 350oC [76, 80]. This happen due to low NH3 equilibrium pressure, hence, the 
presence of Li3N fastens the process of capture NH3 to reduce the local concentration 
of NH3. This phenomenon drives the decomposition of LiNH2 to the right-hand side of 
reaction.  
 
 Based on the experimental results of Hu et al. [79], Li2NH prepared via fast 
reaction between Li3N and LiNH2 can adsorbs 5.4-wt% in 10 mins, 6.5-wt% in 60 
mins and finally about 6.8-wt%. In contrast, Li2NH prepared by conventional LiNH2 
decomposition method adsorbs less than 2-wt% hydrogen in 500 mins possibly 
attributed to sintering [63, 79]. Therefore, Li2NH prepared via fast reaction between 
Li3N and LiNH2 is an excellent hydrogen storage material with high capacity and 





2.6 Mechanochemical Synthesis 
 
 Mechanosynthesis of metal hydrides is a new field which contributes 
significant progress in energy storage research. The special emphasize in hydrogen 
storage era is directed towards reduction of sorption temperature and enhancement of 
desorption kinetics. Schulz's work on investigating the influence of the 
nanocrystalline state induced by strong mechanical deformation on properties of metal 
hydrides has resulted growing interest in this field [93]. Two methods of direct 
synthesis of hydrides are currently developing, reactive milling and milling elemental 
hydrides [94]. Reactive milling involves synthesis of metal hydrides by milling under 
a hydrogen pressure at room temperature. The second method is milling elemental 
hydrides together under an inert atmosphere to produce complex hydride. 
 
 Mechanical milling (ball milling) is a powerful technique to synthesize 
hydrogen storage material because it helps to create defects, fresh metallic surfaces 
and grain boundaries and thus further improves the hydrogen sorption characteristics. 
This new preparation technique of hydrides or other storage materials has gained 
much attention because it greatly enhances the adsorption-desorption kinetics without 
added cost of catalyst and with minimal hydrogen capacity loss. Huot et. al. attributed 
the improvement of hydrogenation kinetics in milled magnesium hydride to increased 
in specific area and the presence of defects induced by ball milling [94]. The smaller 
particles and increased specific area increase the nucleation site density and reduce 
the diffusion length. Dunlap et. al. studied the diffusion of hydrogen into metals e.g. 
Ti, V, Zr, Nb, Hf, Ta during ball milling under constant pressure and observed 
microstructural phase development and reduction in grain size during milling process 
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[95]. Dunlap et. al. also claimed that increased diffusion of hydrogen into a metal 
during ball milling attributed to 3 factors [95]: 
 
(a) the formation of large amount of oxide-free surface promotes the hydrogen 
dissociation and chemisorption 
 
(b)  the rapid reduction in grain size results in shorter diffusion length 
 
(c)  the introduction of significant lattice effect provides convenient routes for   
      hydrogen diffusion. 
 
  Apart from mechanical milling, reactive milling also becomes a popular 
technique in producing nanostructured binary or ternary hydrides/amides which 
appear to be a potential hydrogen storage candidate. For instance, Varin et. al. showed 
the successful mechano-chemical synthesis of the nanostructured ternary complex 
hydride Mg2FeH6 by controlled reactive mechanical alloying of 2Mg-Fe under 
hydrogen atmosphere [97]. They also reported that the prepared Mg2FeH6 exhibit high 
H2 desorption rate which may due to homogeneous phase composition, bulk hydrogen 
distribution and hydride particle size distribution. Recently, Leng et. al. found that 
ball milling can be a powerful approach in designing and synthesizing a new family of 
metal amides hydrogen storage system such as LiNH2, NaNH2, Mg(NH2)2 and 
Ca(NH2)2 [98]. The reactions between the alkali and alkaline earth metal hydrides and 
gaseous NH3 would proceed by ball milling at room temperature according to the 




MHx + x NH3 → M(NH2)x + x H2                 (2.21) 
(M = Na, Li, Mg or Ca) 
 
Leng et. al. confirmed that the reaction between MHx and gaseous NH3 
proceeds quickly at room temperature by ball milling and the resultant product is the 
corresponding metal amide M(NH2)x (M = Na, Li, Mg or Ca), because the milling 
treatment leads to the acceleration of the reaction between the metal hydrides and 
gaseous NH3 by continuous creation of fresh reactive surfaces between metal hydrides 
and NH3. The kinetics of the reaction between MHx and NH3 by ball milling is faster 
in the order of NaH > LiH > CaH2 > MgH2, which is consistent with the inverse order 
of electronegativity of metals, i.e. Na (0.93) < Li (0.98) = Ca (1.0) < Mg (1.31). The 
thermal decomposition properties indicated that both Mg(NH2)2 and Ca(NH2)2 
decomposed and emitted NH3 at lower temperature than LiNH2 [98].         
                                                                                 
 It should be noted that the addition of catalytic compound in nano-scale into 
hydrides/amides/imides can helps to improve the sorption kinetics. Ball milling is 
again the simple way to introduce the nano-catalyst. However, there is no single 
recipe. Effective dispersion depends on milling parameters and on the specific 
properties of the hydrides and the catalysts (dopants) as well.  
 
 Process parameters that play an important role on the nature and kinetics of 
the product phase obtained by the mechanical milling are [96]: 
 
(a) milling temperature  
(b) grinding ball diameter   
(c) ball to powder weight ratio 
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(d) use of a process control agent (PCA) 
(e) relative proportion of reactants 
(f) milling time 
(g) milling speed 
 
The elaboration of each process parameter is summarized in Table 2.5. 
 
Table 2.5: Process parameters that affecting the nature of the products by mechanical 
milling 
 
Milling temperature Higher temperature enhances diffusivity if both 
reactants are in solid state thus will increase the 
reaction kinetics and consequently the times required 
for reduction will be shorter. 
 
Ball to powder weight 
ratio 
The time required for the reduction reaction to be 
completed decreased with an increase in the ball-to-
powder weight ratio (BPR). 
The value of ignitation temperature decreases with 
increasing BPR due to increased in average 
frequency of collision. 
 
Process Control Agent The use of a PCA acts likes an additive (diluent) and 
either delays or completely suppresses the 
combustion event. The PCA also inhibits inter-
particle welding during collisions, slowing down the 
reaction rate as well as decreasing the particle size. It 
may be noted in passing that a combustion reaction 
should be avoided if one is interested in producing 
the metal in a nanocrystalline state. This is because 
combustion may result in partial melting and 
subsequent solidification will lead to the formation of 
a coarse-grained structure. Another requirement for 
formation of nanometer-sized particles is that the 
volume fraction of the by-product phase must be 
sufficient to prevent particle agglomeration.  
 
Relative proportion of 
reactants 
Normally about 10±15% stoichiometric excess of the 
reductant has been used in most of the investigations 
conducted so far. This excess reductant is used partly 
to 
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compensate for the surface oxidation of the reactive 
reductant powder particles. 
 
Grinding ball diameter The ignition time, tig, for the combustion reaction 
decreased with an increase in ball diameter. The 
ignition time, tig is equal to the milling time required 
for Tig to decrease to Tc. Since increasing ball size 
increases the collision energy and therefore Tc, it is 












 The chemicals used in experiments are listed in Table 3.1 below.  
 
  Table 3.1: List of chemicals used 
No. Chemicals Name Purity (%) Company 
1 Lithium Nitride (Li3N) 99.5 Strem Chemicals 
2 Lithium Amide (LiNH2) 95 Aldrich 
3 Lithium Hydride (LiH) 98 Alfa Aesar 
4 Magnesium Hydride (MgH2) 98 Alfa Aesar 
5 Magnesium (Mg) ≥99.0 Fluka 
 
3.2 Synthesis Methods 
 
3.2.1 Mechanochemical Synthesis 
 
 The planetary ball mill (Retsch PM 400) was employed to pulverize, 
homogenize, grind and mix samples. Typically a 5g of sample mixture was loaded 
into stainless steel vial with ball to sample weight ratio of 30:1. Special stainless steel 
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vials with a stop valve which can endure 20 bars pressure were used. Nitrogen or 
hydrogen gas with a certain pressure was filled into the vial before the milling 
processes. In general, the milling speed was kept at 300 rpm for duration of 10 hours. 
All sample loading and transferring procedures were done in a glove box (MBraun 
130 Master) filled with Argon (H2O < 1 ppm, O2 < 1 ppm).  
 
3.2.2 Synthesis of Lithium Imide (Li2NH) 
 
 In this study, Li2NH samples were prepared via two different methods:  
 
 (i) Direct thermal decomposition of LiNH2 







 (ii) Solid state exchange reaction 






 Both samples were synthesized using a home-made reactor apparatus 
connected to a vacuum pump. The details of material preparation will be discussed in 
Chapter 5.  
 
3.2.3 Synthesis of Quaternary Li-Mg-N-H  
 
 Different molar ratios of LiNH2: LiH: MgH2 mixtures (Table 3.2) were 
prepared by mechanochemical synthesis method as described in Section 3.2.1. The 
detail of sample preparation will be described in Chapter 6. 
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Table 3.2: List of quaternary Li-Mg-N-H prepared 
Sample LiNH2: LiH: 
MgH2 
Ball Mill Conditions Milling Atmosphere
Sample I 1 : 4 : 1 
Sample II 1 : 4 : 1.5 300 rpm, 10 hours Hydrogen, 6 bars 
 
 
3.3 Evaluation Techniques 
  
 In this study, High Pressure Differential Scanning Calorimetry (HP-DSC) and 
Temperature Programmed Desorption coupled with Mass Spectrometry (TPD-MS) 
were employed to study thermal sorption characters of the investigated systems. 
 
3.3.1 High Pressure Differential Scanning Calorimeter (HP-DSC) 
 
High Pressure Differential Scanning Calorimetry (HP-DSC) uses heat to 
measure the progress of a chemical or physical process which occurs over a range of 
temperatures and pressure. The technique of calorimetry involves recording the 
energy necessary to establish a zero temperature difference between a substance and a 
reference material against either time or temperature as each specimen is subjected to 
an identical temperature program. During a DSC experiment, a sample is heated over 
a range of temperature. At some point, the material starts to undergo a chemical or 
physical change that releases or absorbs heat. As the temperature increases, the 
process continues to completion. The ordinate value at any time or temperature is 
related to the difference in heat flow between a standard sample and the unknown; 
this is related to the kinetics of the process. Integration of the area under the heat flow 
curve yields the enthalpy change associated with the thermal event of interest. 
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In the context of hydrogen storage, the calorimetric technique is one of ideal 
tools for this field of investigations. The R&D issues that can be followed by the 
calorimetric techniques are to find lower desorption temperatures, higher desorption 
kinetics, optimisation of the recharge time and pressure, heat management, cyclic life, 
optimisation of the storage capacity. Physical processes and chemical reactions can be 
influenced by atmospheric pressure. Hence, a high pressure DCS unit, Netzsch 
Phoenix 204 HP-DSC was employed in this work in order to study the H2 adsorption 
and desorption process on the storage material as a function of temperature using 
calorimetry and its correlation with an increase in vapor pressure.  
 
 The Netzsch Phoenix 204 HP-DSC unit consists of a base unit with all 
connections for electrical wiring (thermocouples) and gas flow as illustrated in Figure 
3.1. The temperature ranges extend from -170°C to 700°C. The measurement setup 
and control, as well as the data acquisition of the temperature difference and absolute 
temperature, are performed by an IBM-compatible computer via the TA system 
controller, TASC 414/3, and the NETZSCH software. The HP-DSC unit was installed 
in a glovebox to ensure that the experimental condition was kept in an inert 
atmosphere of low moisture (<1 ppm) and low oxygen concentration (< 1 ppm). Also, 
this can eliminate the influence of atmosphere on the reactive metal hydrides during 
the sample loading processes. Before the experiments, the HP-DSC was calibrated 
using Indium, Bismuth, Tin, Lead, and Zinc under various desired H2 pressures and 
inert (Helium) carrier atmosphere. For each time, 10 mg sample was weighted and 
loaded into an aluminum pan. The sample chamber atmosphere can be static or 
dynamic. The electronic pressure monitor and control, along with exact regulation of 
the purge gas flow, provide for excellent accuracy and reproducibility (± 0.1%) of the 
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measurement results. A 30 bar of H2 pressure was used during the hydrogenation 
process, whereas a 50 mlmin-1 of helium gas was used as carrier during the 




Figure 3.1: Configuration of DSC cell a 
 
3.3.2 Temperature Programmed Desorption coupled with Mass Spectrometer 
(TPD-MS) 
 
 The temperature-dependence of hydrogen desorption was carried on the home-
built stainless steel microreactor with an on-line mass spectrometer (HPR20 mass 
spectrometer, Hiden Analytical Ltd). Purified argon with a flow rate of 50 mlmin-1 
was used as a carrier gas and the heating rate was 5 oCmin-1. About 50 mg sample was 
loaded and tested for each analysis. 
 
                                                 
a Source: http://www.netzsch-thermal-analysis.com/en/products/detail/pid,3,t,2.html 
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3.4 Characterization Techniques 
 
3.4.1 X-ray Diffraction (XRD) 
 
 A powder XRD (Bruker Advanced 8) with Ni-filtered Cu-Kα radiation was 
used to identify crystallographic phases of the species existing in hydrogen storage 
materials. A special air-tight sample cell was adopted. During scanning, the samples 
were protected from air and moisture by a thin Mylar sheet. However, the diffraction 
on Mylar sheet gives interference signal at 2θ = 26o. Measurement conditions are as 
follows: 
 
Voltage 40.0 kV 
Current 30.0 mA 
Divergence slit 1.00 deg. 
Scatter slit 1.00 deg. 
Receiving slit 0.30 mm 
Scan range 10 - 70 deg. 
Scan speed 2.00 deg. / min 
Sampling pitch 0.02 deg. 
 
 
3.4.2 Fourier Transform Infrared (FTIR) 
 
 FTIR is a less commonly used technique for hydrogen storage materials since 
most interstitial metal hydrides are not active in the IR method. Nevertheless, the 
nitrogen-hydrogen bond in amides and imides is IR active and N-H bond is frequently 
used for identification of organic and inorganic compounds. Several earlier studies 
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exist for both lithium amide and magnesium amide by IR method [105, 109-110]. 
This information and the availability of the pure material for spectral comparison 
should be very valuable for confirming the assignments of peaks to each constituent 
for the investigation of this type of H2 storage material.  
 
In this work, FTIR spectra were collected on a Digilab Excalibur Series FTS 
3000 unit using a DRIFT (Diffuse Reflectance Fourier Transform Infrared) sample 
cell. The signal was detected on a standard deuterated tri-glycine sulfate (DTGS) 
detector. Each spectrum is created from 128 scans averaged together with a resolution 
of 4 cm-1. The powdery samples were loaded into the DRIFT in situ cell inside the 
glovebox. Then the sample cell was sealed and transferred out from the glovebox. 
Before the sample measurement, a KBr spectra was collected as background. 
 
3.4.3 Specific Surface Area  
 
 The specific surface area was measured by BET method over a 
QUANTACHROME Autosorb-6 instrument. The specifications of instrument are 
listed in Table 3.3. Prior to analysis, the samples were degassed under vacuum, 








Table 3.3: Specifications of QUANTACHROME Autosorb-6  
 
Pressure  Range: 0 - 1,000 torr  
Range: 0 - 10 torr 
 
Accuracy 0.001 x full scale 0.0015 x reading 
Linearity: 0.05% full scale 0.0005 x full scale 0.0015 x reading 
Minimum resolvable 
pressure:  0.015 torr 0.0002 torr 
Minimum resolvable  
relative pressure (P/Po):  
0.00002 nitrogen 2.6 x10
-7nitrogen 
7.6 x 10-5 krypton 
Ultimate Vacuum Less than 0.001 torr Less than 10-5 torr 
Sorbate Gas Nitrogen  
Surface Area Range Less than 0.0005 m2/g with Kr to no known upper limit
Less than 0.05 m2/g with N2 to no known upper limit 
Pore Analysis Less than 0.0001 cc/g detectable limit 
3.5 - 4000Å pore diameter range with nitrogen 
 
3.4.4 Measurement of Hydrogen Storage Capacity 
 
 The hydrogen sorption isotherms were determined by an automated Gas 
Reaction Controller (Advanced Materials Corporation, PCI-300). The setup of this 
GRC unit is illustrated in Figure 3.2. For each measurement, 0.25-0.3g of powdery 
sample was loaded into tubular reactor inside a glovebox. A hydrogen gas with purity 
of 99.999% was used. The amount of gas adsorbed by the sample was determined by 
calculating the amount of the remaining gas. Program setup and data acquisition were 






                                 Figure 3.2: Setup of GRC unit 
 
 The working principle of GRC may be explained by referring to Figure 3.3. 
The GRC first admits an appropriate amount of gas to the reservoir and determines its 
molar amount N0 from its pressure and temperature. The system then manipulates the 
valves between the reservoir and the reaction chamber and transfers a desired amount 
of the gas from the reservoir to the reaction chamber. After the gas-solid reaction is 
complete, the system calculates the total molar amount of the gas Ng in the sample 
chamber and in the reservoir. If assume that the initial amount of gas atoms in the 
solid is zero, the molar amount of gas adsorbed by the solid by reaction Ns is given by  
 




GRC Control Unit 
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Figure 3.3: The amount of gas is determined from measurements of temperature and 
pressure  
 
However, when Ns0 ≠ 0, Equation 1 needs to be modified to  
 
)( 00 gss NNNN −+=                 (3.4) 
 
where Ns0  is the initial molar amount of gas in the solid. The control program 
GrcLVS initially assumes Ns0 = 0 but keeps track of the value of Ns0 in subsequent 
steps. The value can be reset to zero by inserting "evacuation" step. In the 
"evacuation" step, the sample chamber is pumped down and GrcLVS resets Ns0 to be 
zero.   
 
 A third order virial expansion equation was employed in calculating the 
amount of the gas from its pressure, temperature, and the volume it occupies. The 











pV +++=                                                                   (3.5) 
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where B(T), C(T) and D(T) are the second, third and fourth virial coefficients that 
depend on temperature. These coefficients may be calculated using the equation of 


















bcBTD =                     (3.8) 
 
The five coefficients are listed in Table 3.4 for hydrogen. Note that the units for 
pressure, temperature, volume are atmosphere, kelvin and liter, respectively.  
 
From Equation 3.5, the amount of gas molecules n in a given volume of v at 














=            (3.9) 
 
The value of n can be determined by numerical iteration.  
 
Table 3.4: Constant for calculation of the virial coefficients 
Gas A0 A B0 B c0 
Hydrogen 0.1975 -0.00506 0.02096 -0.04359 504 
 
 66
 There are 4 automatic operations that have been used in this work: soak, 
release, PCI adsorption and PCI desorption mode. The descriptions for each mode are 
given in Table 3.5.   
 
Table 3.5: Four automatic operation modes for GRC unit 
Modes Descriptions 
Soak Mode Sample chamber is filled with a specified pressure of 
gas and a record of pressure, temperature, and amount 
of adsorbed gas is periodically kept.  
 
Release Mode The pressure over the hydrogenated material is reduced 
to a specified value. A record of pressure, temperature, 
and amount of adsorbed gas is periodically kept. 
 
PCI Adsorption Mode The pressure-composition isotherm of a sample in 
sample chamber is determined with gradually increase 
of pressure. This mode gives the full thermodynamic 
properties of the gas-solid reaction. 
 
PCI Desorption Mode Perform the same as above for desorption except the 







INFLUENCE OF PRESSURE ON HYDROGEN ABSORPTION 





 The occasional discovery of Lithium Nitride (Li3N) has certainly added to the 
controversy in exploratory researches of hydrogen storage by contenting that Li3N 
might be an amazing candidate for on-board hydrogen storage if the operating 
temperature can be reduced. This finding has subsequently stimulated a new research 
direction in the field of hydrogen storage. Following Chen et. al. pioneer work, 
several other research groups led by Hu [63, 64], Arimo [102, 103], Fujii [65, 66], and 
Pinkerton [104], et al. have reported their results in terms of reaction mechanism and 
doping effect on Li3N based system. However, up to now, no research related to the 
influence of H2 pressure over the hydrogenation of Li3N has been reported yet. 
 
 In this session, High Pressure Differential Scanning Calorimetry (HP-DSC) 
was applied to study the influence of H2 pressure on hydrogen adsorption over Li3N. 
In principle, this technique reveals, in real time, not only trends in the exothermicity 
of adsorption, but also allows estimation of reaction heat of formation of relevant 
chemical and structural intermediate forms. The preliminary results clearly show that 
the operating pressure promotes hydrogen adsorption over lithium nitride. Together 
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with XRD, FTIR, and SEM results, a more realistic hydrogenation process model is 
proposed.  
 
4.2 Results and Discussions 
 
 Figure 4.1 shows the HP-DSC profiles of Li3N under various H2 pressures. 
The positive DSC signal means the exothermic reaction process and vise verse the 
negative one means the endothermic reaction process. The peak area is proportional 
with heating flux input or withdrew from the system. The positive feature of all of 
these HP-DSC curves demonstrates the exothermic character of the Li3N 
hydrogenation. For the curves under 1 bar of H2, there is no signal below 200oC. The 
curve starts to increase at about 220oC and a peak appears at 240oC. However, for the 
curve under 3 bar of H2, though the onset temperature is also about 220oC, two peaks 
appear at 237 and 261oC. For the other two curves under 30 bar and 70 bar, the onset 
temperature are 200 oC and 190oC, respectively. There are also two peak appeared 
under these conditions. As stated above, there are two stages for the hydrogenation of 
Li3N (reaction 4.1 and reaction 4.2). These two exothermic DSC peaks might be due 
to the two stages of hydrogenation processes, respectively. 
 
Li3N + H2 ↔ Li2NH + LiH                           △H = - 116 kJ mol-1                         (4.1) 

























a  1 bar
b  3 bar
c  30 bar






Figure 4.1: HP-DSC curves over Li3N under various H2 pressure (a) 1 bar; (b) 3 bars;           
(c) 30 bars; (d) 70 bars (Heating rate: 5oCmin-1) 
 
 In order to further study the influence of H2 pressure on the hydrogenation, the 
curves were fitted and the peak area was integrated the DSC software. A schematic 
picture for the profile under 3 bars is shown in Figure 4.2. All of the calculated results 
are listed in Table 4.1. Because the stage 2 has not completed even till to 300oC, only 
the reaction heat value corresponding first stage is given in the table. For the peak 
under 1 bar, the peak area is 96 kJmol-1, which is a little less than the theoretical one 
of 116 kJmol-1 [62]. The XRD experiments (Figure 4.3) below show that there are still 
some Li3N phase remaining after DSC experiments under 1 bar. The remaining Li3N 
should be the cause for the smaller reaction heat value. From Table 4.1, one could 
note that with the increase of the H2 pressure from 1 to 3, 30 and 70 bar, the reaction 
heating for the first peak decreases from 96 to 65, 51 and 43 kJmol-1. As stated above, 
the hydrogenation of Li3N includes two sequential stages, i.e. Li3NÆ Li2NH Æ 
 70
LiNH2. Under 1 bar of H2, might be due to the lower driving force, the reaction stops 
at the first stage. However, when the H2 pressure increase to 3 bar, the driving force is 
big enough to excess the activation energy of the second stage so that the peak due the 
second hydrogenation process is observed in DSC profile. With further increase of H2 
pressure, the driving force becomes bigger, the second stage can take place even 
though the first stage has not finished. However, the heating temperature is restricted 
at 300oC. In other words, the hydrogenation process under high pressure should be 
Li3NÆ LixNH3-x (x≥2)Æ LiNH2. The higher H2 pressure applied, the bigger x is. That 
might be the reason for the decrease of first stage reaction heat with the rise of H2 
pressure. Due to safety reason, heating at high temperature under high hydrogen 
pressure is not recommended. As such, the 2nd stage of hydrogen adsorption is 
incomplete (Figure 4.1 (c) and (d)) due to temperature limitation. The promotion of 
H2 pressure over Li3N hydrogenation can also be shown by the onset temp. With the 
increase of H2 pressure from 1, to 3, 30 and 70 bar, the onset temperature decrease 
from 224 to 224, 204 and 192oC, respectively. 
















Figure 4.2:  Schematic fitting of the HP-DSC curves in Figure 4.1. 
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Rel. ratio of 
1st peak * 
2nd  peak 
temp   
(oC) 
1 224 240 96 60 % - 
3 225 241 65 40 % 262 
30 204 222 51 31 % 256 
70 192 211 43 26 % 253 
 




 XRD results indicate the phase changes during the hydrogenation processes. 
As the XRD patterns over Li3N under 3, 30 and 70 bar of H2 are quite similar, only 
the ones under 1 bar and 30 bar of H2 are shown in Figure 4.3. After the 
hydrogenation under 1 bar, a certain amount of Li3N is remaining. This might be the 
reason for the smaller value (96 kJmol-1) of reaction heat than the theoretical one (116 
kJmol-1) as stated above. No peak due to LiNH2 (2θ = 17.4, 19.6, 30.7) can be 
observed. This is agree well with only one DSC peak which means only the one 
hydrogenation stage took place under this condition. However, after the similar 
heating treatment under 30 bar, the peaks due to Li3N phase disappeared, 
simultaneously the peaks due to the phases of LiNH2 (2θ= 17.4, 19.6, 30.7) and LiH 
(2θ = 38.3, 44.5) appeared. This indicates the complete conversion of Li3N to LiNH2 
and LiH. These XRD results provide further proofs for the assignments of the HP-
DSC peak.  
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Figure 4.3: XRD patterns over Li3N after hydrogenation under 1 bar and 30 bar.  


























































Li3N 30 bari3 + H2 30 bar 




Figure 4.4: FTIR profiles for (a) Li3N; (b) LiNH2 + 2LiH; (c) Li3N hydrogenated 
under 1 bar H2 and (d) Li3N hydrogenated under 30 bar H2 
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FTIR spectras as illustrated in Figure 4.4 further verify the proposed model 
that hydrogenation over Li3N follows the path:  
 
Li3N + (3-x)H2 ↔ LixNH(3-x) +(3-x)LiH                                    (4.3) 
 
LixNH(3-x) + (x-1)H2 ↔ LiNH2 + (x-1)LiH   where (x≥2)                                      (4.4) 
 
FTIR spectras for pristine Li3N and LiNH2-2LiH mixtures were collected as 
references to indicate the stage prior hydrogenation (reaction (4.1)) and post 
hydrogenation (reaction (4.2)). As can be seen from Figure 4.4 (c), Li3N which is 
hydrogenated under 1 bar H2 pressure, gives a broad IR signal peaked at 3176 cm-1. 
This broad IR signal might assign to the N-H stretching band of Li2NH or imide-like 
structure LixNH3-x [67, 77]. Whereas, in the IR spectra of the hydrogenated Li3N under 
30 bar H2 pressure, relatively strong signals at peak position 3312 cm-1 and 3259 cm-1 
are identified.  These 2 peaks are corresponding to asymmetric and symmetric 
stretching of N-H bonds in LiNH2 molecules [105].  Moreover, the latter IR spectrum 
(Figure 4.4 (d)) obtained is close to the spectra of final product of LiNH2-2LiH 
mixtures (Figure 4.4 (b)), thus indicating the completion of adsorption process 
(reaction (4.2)) under 30 bar of H2 pressure. In contrast, formation of Li2NH or imide-
like structure LixNH3-x seems to suggest that Li3N undergo incomplete hydrogenation 
at low H2 pressure of 1 bar. These observations are again consistent with HP-DSC and 
XRD results, reveal that the real hydrogenation process might the sequence of Li3N 




 Shown in Figure 4.5 (a)-(c) are the SEM pictures of the pristine Li3N before 
hydrogenation and the hydrogenated Li3N under various H2 pressure. Because the 
pictures for hydrogenated Li3N under 3 bar, 30 bar, and 70 bar have the similar 
feature, only the one under 30 bar is shown here. One should note that the 
morphology of the 1 bar sample is composed by very fine spherical particles (< 100 
nm) on the matrix (> 1 μm). The hexagonal Li3N has two kinds of lithium ions in its 
unit cell. One is in one-fold position and the other has two fold position [99- 101]. 
During the hydrogenation process, H2 is absorbed on the surface and then cleavage 
into H+ and H-. The H+ will combine with two fold lithium ion to form Li2NH and H- 
combine with the one fold lithium ion to form LiH. Because the volume of the new 
formed LiH is bigger than lithium ion, it will be pushed out from the original Li3N 
crystal and form new fine particle on the surface of Li3N/Li2NH crystal. However, for 
the 30 bar sample, instead of big matrix particle, the sample is a mixture of particles 
with diameter ranges from 100 -500 nm. The particle is supposed to be consisted of 
LiH and LiNH2. In Figure 4.5, though distinguish the compositions of each 
independent particle is difficult, the close interaction between LiH and LiNH2 phases 




 In summary, H2 pressure promotes the hydrogenation over Li3N in terms of 
onset reaction temperature and lower 1st stage reaction heat. With increase of H2 
pressure from 1 to 3, 30, and 70 bar, the onset temperature decreases from 224 to 225, 
204, 192oC. In the same time, might be due to the acceleration of the 2nd reaction 
stage, the reaction heat of the 1st reaction stage decrease from 96 to 65, 51, 43 kJmol-1. 
HP-DSC as well as XRD and SEM characterization results shows that under 1 bar H2  
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       (a) 
 
      (b) 
 
       (c) 
 
Figure 4.5: SEM pictures for (a) pristine Li3N before hydrogenation; (b) hydrogenated 




pressure condition, only first hydrogenation stage can be completed, while both the 
two stages can happen under higher pressures. The real hydrogenation process should 
follow the sequence of Li3N Æ LixNH3-x Æ LiNH2 (x≥2). The higher the H2 pressure 











 Hydrogen storage over lithium-nitrogen systems is based on transformation of 
a series of lithium-nitrogen-hydrogen compounds as shown in reaction paths below 
[62-63, 67]: 
 
Li3N   + H2 ↔  Li2NH + LiH             ΔH = - 116 kJ/mol H2                                                   (5.1) 
 
Li2NH + H2  ↔  LiNH2 + 2LiH  ΔH = - 45 kJ/mol H2                                     (5.2) 
 
 Because of the high enthalpy change, reaction 5.1 is not easily accessible. 
Experimental results showed that the desorption of hydrogen occurs at temperatures 
above 430oC [62, 79]. Whereas for reaction 5.2, it is feasible for practical application 
due to the enthalpy change of adsorption (-45 kJmol-1) is just in the ideally practical 
application range (30-50 kJmol-1). Previous studies already showed that hydrogen 
uptake and release happen at moderate temperature around 250oC. It might be 
possible for this reaction taking place at low temperatures around 100oC. In other 
word, lithium imides (Li2NH) could be a promising hydrogen storage material with 
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reversible hydrogen storage capacity of 6.5-wt% theoretically, which meets DOE's 
target for year 2010.   
 
 Most recent studies mainly focused on desorption behaviors of Lithium Amide 
(LiNH2) and Lithium Hydride (LiH) mixtures (LiNH2 + 2LiH → Li2NH + H2) in 
order to understand the thermodynamics and kinetics of Reaction 5.2 [64-67].So far, 
limited reports which based on Li2NH as starting materials for H2 storage were 
published. Since this material is not commercially available, Li2NH is usually 
prepared in laboratories via direct thermal decomposition of LiNH2 [67, 77-78] 
according to Reaction 5.3. This reaction is highly endothermic (ΔH = 84.1 kJ mol-1) 
which requires high energy input. Furthermore, emission of ammonia gas as 
byproduct has raised environmental concern.  
 
2LiNH2 → Li2NH + NH3             ΔH = 84.1 kJ mol-1             (5.3) 
 
 Recently, Hu and Ruckenstein reported a novel synthesis approach of Li2NH 
via solid state exchange reaction between Li3N and LiNH2 [79]. They asserted that 
this approach is able to synthesize Li2NH in 10 mins at 210oC according to Reaction 
5.4. Solid state reaction between Li3N and LiNH2 is slightly exothermic with ΔH = -
77 kJmol-1. According to Hu and Ruckenstein, Li2NH prepared via this approach can 
reversibly store 6.8 wt% hydrogen with faster kinetic as compared to Li2NH prepared 
by using conventional decomposition method. 
 
Li3N + LiNH2 → 2Li2NH             ΔH = -77 kJmol-1                         (5.4) 
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 In this study, the H2 adsorption properties of Li2NH prepared via solid state 
exchange and conventional decomposition were systematically investigated by 
employing a wide range of analytical instruments. In addition, enhancement effects by 
mechanical activation on hydrogen adsorption activity were also examined. 
Furthermore, the doping effect of magnesium (Mg) on Li2NH system is also studied. 
 
5.2 Material Preparation 
 
 The LiNH2 (95%, Sigma Aldrich) and Li3N (Strem Chemicals, 99.5%-Li) 
were used without further treatment. All of the chemicals loading and unloading were 
handled inside a glovebox (MBraun Labmaster 130) filled with purified Argon gas to 
keep an inert atmosphere of low moisture (<1 ppm) and low oxygen concentration (< 
1 ppm). 
 
5.2.1 Preparation of Li2NH via Direct Thermal Decomposition of LiNH2 
 
10 grams of LiNH2 was loaded into a stainless steel reactor and sealed to 
prevent exposure to air during transferring process. The reactor was then connected to 
a home-made reaction apparatus together with a heating furnace and a diaphragm type 
vacuum pump (Dryfast Ultra, 2021C-02). The reactor was heated from room 
temperature to 360 oC with the ramping rate of 5oC min-1. The reactor was then kept 
isothermally at 360oC for 2 hrs in a continuous Argon flow of 50 mlmin-1. After that, 
the reactor was switched to the dynamic vacuum and heated overnight at temperature 
of 360oC. Hereinafter, Li2NH prepared via this approach is denoted as Li2NH-I. 
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5.2.2 Preparation of Li2NH via Solid State Exchange Reaction 
 
 4-5 grams of Li3N/LiNH2 mixture with molar ratio of 1:1 were loaded into a 
stainless steel ball mill vial inside a glove box and then mixed by mechanical milling 
(Retsch PM 400) for 10 hours at 300 rpm under 6 bars of nitrogen atmosphere. The 
ball milled mixture was then collected and loaded into a stainless steel reactor. The 
reactor was sealed before transferred out from the glovebox. The reactor was then 
connected to a home-made reaction apparatus attached to a heating furnace and a 
mechanical rotary vacuum pump (EDWARDS, RV5). The vacuum valve was slowly 
opened to control the vacuum pressure in the reactor. The reactor was heated up to 
250oC and then kept at isothermal condition for 2 hrs under dynamic vacuum.  
Hereinafter, Li2NH prepared via this approach is denoted as Li2NH-II in the later part 
of discussion.  
 
5.2.3 Mechanical Milling 
 
 Both as synthesized Li2NH-I and Li2NH-II were mechanically milled in a high 
energy planetary ball mill (Retsch PM 400) for 10 hours at the speed of 300 rpm. 
Special stainless steel vials with a stop valve which can endure 20 bars pressure were 
used. The stainless steel vials loaded with samples were filled with 6 bars of purified 
nitrogen gases to prevent air contamination during milling process. The ball-to-





5.3  Results and Discussions 
 
5.3.1 Powder Characteristics of Li2NH 
 
 Figure 5.1 (a) – (d) shows the SEM images over these two types of LiNH2 as 
well as the corresponding ball milled samples. For the Li2NH-I, chunk particles with 
diameter range of 10 - 50 μm were observed (Figure 5.1 (a)), whereas, for the Li2NH-
II, smaller particles with diameter averaging 1-10 μm were predominant (Figure 5.1 
(c)). The chunk particles for Li2NH-I might due to the melting and sintering of LiNH2 
(mp: 380oC) during the preparation process. After ball milling, Li3N and LiNH2 can 
be homogeneously mixed and hence result in smaller final particle size and more even 
distribution. The SEM images for the samples after ball milling are also shown in 
Figure 5.1 (b) and (d).  The average particle sizes in both Li2NH-I and Li2NH-II have 
been significantly reduced by 1 order of magnitude after ball milling. However, 
compared with the former, the Li2NH-II still shows better uniformity and 
homogeneity. These results indicate that the morphology and particle size is close 
related to the preparation method adopted.  
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                               (a)                                                                  (b)          
 
              
                                  (c)                                                                 (d) 
Figure 5.1: SEM images of (a) Li2NH-I as synthesized; (b) Li2NH-I ball milled; (c) 
Li2NH-II as synthesized; (d) Li2NH-II ball milled 
 
 XRD patterns for both Li2NH-I and Li2NH-II before and after ball milling are 
shown in Figure 5.2 (b)-(e). Peak at 26o is attributed to Mylar film which was used to 
seal the sample to prevent air contamination during measurements (Figure 5.2 (a)). 
This background peak can be treated as internal calibration peak for semi-quantitative 
analysis. Li2NH and LiNH2 have very near diffraction peaks at 2θ = 30o and 50o; 
however, the peaks at 17.4o and 19.6o can be used to distinguish LiNH2 phase from 
Li2NH [79].  From Figure 5.2 (b), the appearance of these 2 distinguishing peaks 
indicates the presence of a certain amount of unreacted LiNH2 in the as synthesized 
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Li2NH-I. For Li2NH-II, new peaks at 2θ = 14.9o is identified in its XRD pattern as 
shown in Figure 5.2 (d). This peak might attributes to the formation of new phase 
structure. As such, the existence of non-stoichiometric intermediate phase of LixNH3-x 
(1 < x < 2) during the solid state exchange reaction is predicted. Besides, the peak at 
23.3o which can be assigned to Li3N, indicating trace amount of reactant remained 
present in the as synthesized Li2NH-II. However, no LiNH2 phase is detected. Using 
Scherrer formula, crystallite size of particles of both Li2NH-I and Li2NH -II can be 
calculated from the width of half maximum and corresponding 2 θ and the results 
summarized in Table 5.1. On the basis of the XRD peak broadening, larger half width 
value of 0.24o (at main diffraction peak 30o) is observed for the as synthesized Li2NH-
II as compared to Li2NH-I. The broadening in peak again provides indication that 
solid state exchange approach produces particles with smaller size. This finding is 
further supported by BET measurements on Li2NH-II which gives a 20-fold larger in 
specific surface area (SSA) than Li2NH-I. The equivalent particle sizes are estimated 
by assuming all particles to have same spherical size and shape and the results are 
also shown in Table 5.1. As one can note, the equivalent particle size estimates 
difference by an order of magnitude in particles size between Li2NH-I and Li2NH-II. 
After the ball milling, the SSA will increase while particle size decrease as expected.  
 
Figure 5.3 shows the IR adsorption spectra of Li2NH-I/II. For Li2NH-I, 
relatively strong signals peaked at position 3312 cm-1 and 3259 cm-1 are observed.  
These two bands are due to the asymmetric and symmetric stretching of N-H bonds in 
LiNH2 molecules [105]. The observation of these two bands implies the presence of 
unreacted LiNH2 in Li2NH-I. However, no band at 3312 cm-1 and 3259 cm-1 can be 
found over Li2NH-II, indicating no remaining LiNH2.   
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0  Li2NH    #  LiNH2 *  Li3N   ^  Li2O    @ Background   &  New phase 
Figure 5.2: XRD patterns for (a) background with Mylar film (blank); (b) Li2NH-I as 
synthesized; (c) Li2NH-I ball milled; (d) Li2NH-II as synthesized; (e) Li2NH-II ball 
milled 
 
Table 5.1: Summary of BET SSA, equivalent particles size and crystallites size of 
Li2NH-I and Li2NH-II 
 
Sample BET SSA 
(m2/g) 
Equivalent 






size,  ** 
τ (nm) 
Li2NH-I as synthesized 0.72 6.72 0.199 41.4 
Li2NH-I ball milled 58.2 0.08 0.645 12.8 
Li2NH-II as synthesized 19.84 0.24 0.438 18.8 
Li2NH-II ball milled 77.02 0.06 0.652 12.6 
*   Equivalent particle size, ρ.
6
S
D =  , where S = specific surface area, ρ = true density of particle 
** FWHM = Full Wave Half Maximum; θβ
λτ
cos
9.0= (Sherrer Equation) 
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This observation is consistent with above XRD results which give clue about the 
relatively low conversion of LiNH2 in direct thermal decomposition approach. A 
broad band occurs at 3185 cm-1(Li2NH-I) and 3158 cm-1 (Li2NH-II) are also observed. 
This band might come from the N-H stretching band of Li2NH or imide-like structure 
LixNH3-x. The broad peak may possibly explained by the existence of a series of 
transition stage. These results are in good agreement with those reported by Kojima et. 
al. [77] and Chen et. al. [67].  As reported earlier, hydrogenation of lithium-nitrogen 
system occurs in a sequential step as follow (or vice versa) [67]:  
 
 
Li3N + 2H2 ↔ LixNH3-x + (x-1) H2 + (3-x) LiH ↔ LiNH2 + 2LiH             (5.5) 
 
 Hence, the variation in N-H stretch bond position, 3185 cm-1 (Li2NH-I) versus 
3158 cm-1 (Li2NH-II), might due to the formation of imide-like intermediate, LixNH3-x 
(1 < x < 2) at different chemical state (different x value). As such, the sample 
preparation conditions have strong influences on the value of x (intermediate chemical 
state). Gas intermediate mechanism proposed by Hu et. al. [79], states that the 
presence of Li3N can reduce the local concentration of NH3, and thus gives higher 
conversion by driving the decomposing reaction of LiNH2 (Reaction 5.3) to the 
forward direction. The lower N-H vibration band in Li2NH-II suggests that a lithium-
richer imide structure is formed via solid state exchange reaction, where the x value 
approaching value of 2. The N-H vibration band shifts to lower frequency because of 
the reduced electropositivity of nitrogen atom as it bonded to more Li-atoms.   
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Figure 5.3: IR spectra for (a) Li2NH-I and (b) Li2NH-II (Resolution = 4 cm-1) 
 
 
5.3.2 Enhancement of Adsorption Activity by Mechanical Activation 
 
 In order to investigate the adsorption characteristics of Li2NH-I and Li2NH-II, 
HP-DSC measurements were conducted under 30 bars of H2 pressure. The results are 
shown in Figure 5.4. Because there is no phase change over Li2NH at temperatures 
below 300oC, hence the DSC peaks are due to the hydrogenation of the sample. The 
negative value of the heating flow is in line with the exothermal nature of the 
hydrogenation of Li2NH. The H2 adsorption properties for Li2NH-I and Li2NH-II have 
been significantly improved by mechanical milling. As illustrated in Figure 5.4 (a), 
the as synthesized Li2NH-I initially shows no adsorption activity throughout the 
temperature of 50 to 300oC. It seems to be "activated" after mechanical milling. The 
on-set temperature for ball milled Li2NH-I is at about 50oC. The signal increase as the 
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temperature increased, the peak appears at 120oC. After that, the signal decreases 
gradually. Similar phenomena can also be observed over Li2NH-II. As shown in 
Figure 5.4 (b), the as synthesized Li2NH-II starts to adsorb H2 around 75oC and the 
adsorption peak appears at around 160oC. The second adsorption peak is observed at 
230oC. The second adsorption peak is probably due to the remaining Li3N in Li2NH-II 
[111]. By mechanical milling, hydrogen adsorption over Li2NH-II is significantly 
improved. The onset and the peak temperatures are reduced by 25oC and 40oC, 
respectively. This improvement of hydrogen adsorption is in line with the reduction of 
particle and crystallite size just as proved by above SEM, XRD and BET results. The 
mechanical milling may reduce particle and crystallite size, increase the surface area 
and defect concentration and also shorten the hydrogen diffusion activation. Therefore, 
the hydrogen adsorption activity is enhanced. In term of the hydrogenation behavior, 
as synthesized Li2NH-II showed better results with respect to Li2NH-I, which in line 
with the smaller and more uniform particle size and morphology of Li2NH-II, 
indicating preparation method has a great influence on the hydrogen absorption 
behavior. It should be highlight that the Li2NH prepared in this experiment shows the 
ability to adsorb H2 at temperatures below 150oC. The on-set temperature for 
hydrogen adsorption can be as low as 50oC. This temperature range is ideal for a 
practical on-board application. Our previous studies over pristine Li3N [111] indicated 
that the hydrogenation temperature over Li2NH is 260oC or higher. Similar conclusion 
was deducted by other research groups [79, 86]. Figure 5.5 shows the HP-DSC 
profiles over ball milled Li3N under the similar working conditions. It can be noted 
that peak which is due to the hydrogenation of Li2NH appears at ca. 240oC. The 
significant decrease of hydrogenation temperature over Li2NH as observed by this 
work might be due to the different preparation approach.  
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Figure 5.4: HP-DSC profiles for (a) Li2NH-I (--- as synthesized; ⎯ ball milled) and 
(b) Li2NH-II (--- as synthesized; ⎯ ball milled)  
[Heating rate = 5Kmin-1; H2 pressure = 30 bars] 
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Figure 5.5: HP-DSC profiles for (a) ball milled Li3N; (b) ball milled Li2NH-II and (c) 
ball milled Li2NH-I 
 
 
5.4 Measurement of Hydrogen Storage Capacity 
 
Figure 5.6 shows soak profiles with programmed temperature over Li2NH-I, 
Li2NH-II and ball milled Li3N with initial H2 pressure of 50 atm. Li2NH-II prepared 
via solid state exchange reaction shows an excellent storage capacity of 4-wt% even 
at temperature as low as 150oC. This demonstrates that Li2NH-II is a good candidate 
for practical on-board application. In this experiment, Li2NH-II finally achieves a 
storage capacity of 5.2 wt %, whereas Li2NH-I prepared via direct thermal 
decomposition of LiNH2 could only stores < 2 wt % of H2 though the similar 
experimental conditions were adopted. The presence of unreacted LiNH2 might limit 
the storage capacity of Li2NH-I. It is proposed that gas intermediate mechanism 
through solid state exchange of Li3N and LiNH2 may results higher conversion of Li-
richer imides structure, such as LixNH3-x where the x value approaching 2. Hence, 
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Li2NH-II may have stronger affinity to H2 during the adsorption process and this in 
turn results in better storage capacity. In addition, enhancement of textural quality 
which is achieved through mechanical activation could further improve the sorption 
activity. The deviation of experimental storage capacity and theoretical storage 
capacity of 6.5 wt% (from Reaction 2) might probably due to the presence of minor 
impurities phase of reactants. However, the storage capacity could be further 
improved by optimizing the experimental conditions, such as increase in the H2 
pressure [111].  
 
























Figure 5.6:  Soak profiles with programmed temperature over: (a) ball milled Li3N; (b) 






5.5 Calculation of Activation Energies 
 
Activation energies (Ea) for the hydrogenation reaction of Li2NH-II and Li3N 











E −= β   (5.6) 
                                                                             
where Tp is the peak temperature obtained from differential thermal analysis, R is the 
gas constant and β is the heating rate, which is expressed as β = dT/dt.  
 









ET +=β                                                                                    (5.7) 
 
 In this study, Tp were obtained by measuring adsorption peak temperatures at 
various heating rate (1, 2 and 5 Kmin-1) in HP-DSC under H2 pressure of 30 bars. 
Activation energy, Ea can be calculated from the slope (Ea/R) of the straight line 
obtained from the plot of ln(Tp2/β) versus 1/Tp. Least square curve fittings as shown 
in Figure 5.7 gives linear equations and corresponding R-squared values. The linear 










β                           (5.8) 
 








β                   (5.9) 
 
From equation 5.8 and 5.9, the calculated activation energies for Li3N and Li2NH-II 
are 178 kJmol-1 and 119.5 kJmol-1 respectively. The rather large activation energy of 
Li3N reveals that Li3N has to overcome higher potential barrier to adsorb H2. In 
 92
contrast, about 30% smaller in activation energy, suggesting that the hydrogenation 
over Li2NH-II is a more energy-favorable reaction pathway for H2 adsorption.  
 
The activation energy of ball milled Li2NH-II is also calculated based on 
Equation 5.10.  
 








β                (5.10) 
 
Note that the activation energy of Li2NH-II is further reduced by one-fifth to 98 
kJmol-1 after ball milling. In this case, Li2NH-II has been mechanically activated 
through high energy ball milling.  The reduction in energetic resistance might 
attributes to an increase in energy state induced by high energy ball milling. As 
reported elsewhere [113-114], the large area of grain boundaries and high density 
structural defects within nanostructured particles could store considerable amount of 
enthalpies and thus promote an increase in energy state. Higher reactivity in ball 
milled powders may result from the higher free energy for atoms located at the defect 
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Figure 5.7: Least square fittings curves for calculation of activation energies of (a) 
ball milled Li3N; (b) as synthesized Li2NH-II; (c) ball milled Li2NH-II 
 
 
5.6 Enthalpy of Adsorption 
 
 Figure 5.8 shows the pressure-composition adsorption isotherms of Li2NH-II 
at 420K, 473K, 500K and 520K. The Li2NH-II shows the ability to adsorb 5 to 6-wt% 
of H2 at 7 MPa. Plateau pressures at various temperatures were obtained by choosing 
the middle points from each adsorption isotherm. The values of plateau pressures at 
473K, 500K and 520K are 0.032, 0.051 and 0.072 MPa, respectively. The enthalpy 
change was estimated by Van’t Hoff equation and the profiles are shown in Figure 5.9. 
For Li2NH-II, the enthalpy of adsorption (ΔHads) is -35.8 kJmol-1. The enthalpy change 
term characterizes the stability of metal-hydrogen bond [7]. According to Ovshinsky 
et. al. [115], the enthalpy change of a metal or alloy should be in the range of -25.2 to 
-50.4 kJ/mol H2 if it is applicable for hydrogen storage. The enthalpy change for our 
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LiNH2-II is just within this suitable range. In other words, this kind of LiNH2-II is 


















Figure 5.8: Pressure-composition isotherms of Li2NH-II at various temperatures (-o- 
420K; - - 473K; -♦- 500K; -x- 520K)          
                



















Eads = -35.8 kJ/mol
 
Figure 5.9: Van't Hoff plot of Li2NH-II  
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Besides, it is worth pointing out that the low temperature isotherm data around 
150 oC is first reported here. This further indicates that the practicability for low 
temperature adsorption of Li2NH-II. In the present work, the calculated enthalpy of 
adsorption of Li2NH-II is lower than those reported by other groups [61,77] as 
tabulated in Table 5.2. The difference in ΔHads might due to the difference in the 
preparation methods and measurement conditions of Li2NH.    
 








Chen et. al [61] a - 66.1/-45 528 - 558 0.044 - 0.20 
Kojima et. al. [77] b - 65.6 573 - 673 0.23 - 1.3 
Present work c - 35.8 420 - 520 0.2 - 0.7 
 
 
a Li2NH was prepared via thermal decomposition of LiNH2 (> 623K, overnight) 
b Li2NH was prepared via thermal decomposition of LiNH2 (673K, overnight) 
c Li2NH was prepared via solid state exchange reaction of Li3N + LiNH2 (523K, 2hrs) 
 
 
5.7 Cyclic Test and Stability of Li2NH-II 
 
 Figure 5.10 and 5.11 are pressure-composition isotherms of adsorption (first to 
fourth cycle) and desorption (first to third cycle) for Li2NH-II at 245oC. The H2 
uptake up to 6.1-wt% is achieved during the 1st cycle of adsorption. It should be noted 
that this value is lower than theoretical value (6.5 wt%) and even lower than that (6.8 
wt%) reported by Hu [79]. We have controlled the experimental condition very 
carefully with advanced technologies. The lower value of hydrogen adsorption 
indicates that there are still some uncertainties on the sample preparation and 
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evaluation. From Figure 5.10 and 5.11, it can be noted that the hydrogen uptake in 
Li2NH-II deteriorates after the first cycle. Only 60% of sorption capacity can be 
recovered after second cycle. At the fourth cycle, only 50% of H2 capacity retained.  
 
The depreciation in reversible H2 uptake might probably due to incomplete 
dehydrogenation of Li2NH-II. As shown by desorption isotherms in Figure 5.11, full 
release of hydrogen is hindered within our experimental conditions. After the cycle 
tests, the sample became fragile. We measured the sample with SEM and BET, the 
agglomeration of small particles and sintering effect were dominant. In the study on 
the deactivation of Li3N, Hu et. al. have shown that both sintering and the lattice 
structure change of Li2NH, after high temperature dehydrogenation, might be 
responsible for major deactivation [101]. Although Li2NH-II has demonstrated fast 
adsorption kinetics at lower temperature, however, the resulting solid after heat 
treatment, gradually losing its ability to readsorb hydrogen after several cycles. This 
instability is one of the technical barriers ahead for the practical application of Li2NH 
for on-board H2 storage. The addition of some dopants such as Mg or Ti might 
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Figure 5.10: Pressure-Composition Isotherms (Adsorption) of Li2NH-II at 245 oC, 1st 

















1st Cycle 2nd Cycle 3rd Cycle
 
Figure 5.11: Pressure-Composition Isotherms (Desorption) of Li2NH-II at 245 oC, 1st 




5.8 Mg-modified Li2NH System 
 
 As discussed in the previous section, the issues of poor reversibility and 
stability are critical hurdles that limit the Li2NH system from practical on-board 
vehicular application although the hydrogen capacity and operating temperature are 
quite ideal. Surprisingly, the adsorption and desorption characteristics have 
significantly changed through chemical modification by doping magnesium (Mg) into 
Li2NH.  
 
Mg-modified Li2NH was prepared by mixing 10% of Mg metal powder into 
Li2NH-II using mechanical milling at 300 rpm and 10 hours. Figure 5.12 and 5.13 
show the adsorption and desorption isotherms for Mg-modified Li2NH up to 5 cycles 
at 245 oC. Although the sorption capacity dropped by 1-wt% after the 1st cycle, the 
subsequent cycles of H2 adsorption-desorption in Mg-modified Li2NH exhibit good 
stability. It can be seen that the adsorption-desorption isotherms for cycled samples 
(2nd – 5th cycle) are essentially identical and the small variations can be attributed to 
experimental error. Nearly no desorption deterioration is observed in this Mg-
modified system. The Mg-modified Li2NH system is able to sustain the reversible 
storage capacity up to 4.3-wt% after 5 cycles of PCT. Table 5.3 compares H2 sorption 
capacity of Li2NH and Mg-modified Li2NH at various cycles. One can note that the 
addition of Mg significantly increases the stability with respect to Li2NH alone.  
 
Table 5.3: Comparison of H2 sorption capacity between Li2NH and Mg-moidified 
Li2NH at various cycles 
 
Sample 1st Cycle 2nd Cycle 3rd Cycle 4th Cycle 5th Cycle 
Li2NH-II 6.1 % 4.0 % 3.3 % 2.7 % - 















1st Cycle 2nd Cycle 3rd Cycle 4th Cycle 5th Cycle
 
Figure 5.12: Pressure-Composition Isotherms (Adsorption) of Mg-modified Li2NH at   

















1st Cycle 2nd Cycle 3rd Cycle 4th Cycle 5th Cycle
 
Figure 5.13: Pressure-Composition Isotherms (Desorption) of Mg-modified Li2NH at   
245 oC, 1st – 5th cycle 
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 The addition of Mg not only enhances the stability of Li2NH system, but also 
alters the thermodynamics of the system. From Figure 5.12 and 5.13, one can note 
that the plateau pressure is about 1 atm, which is slight higher than that (0.5 atm) of 
Li2NH-II alone. The corresponding equilibrium pressures are summarized on Table 
5.4.  
 
Table 5.4: Adsorption and desorption equilibrium pressure of Li2NH-II and Mg-
modified Li2NH-II 
 
Sample Equilibrium Pressure 
 Adsorption Desorption 
Li2NH-II 0.7 -0.8 atm 0.4 atm 
Mg-modified Li2NH-II 1.2 atm 0.7 atm 
 
 
 Phase conversion between imide and amide in Li2NH system during 
adsorption-desorption process was characterized by FTIR technique. Figure 5.14 
shows the IR spectra of Li2NH-II and Mg-modified Li2NH at 3 different stages:  
fresh-milled, hydrogenated at 150oC and dehydrogenated at 300oC. The two labeled 
peaks at 3313 cm-1 and 3259 cm-1 are corresponding to the N-H stretch in LiNH2 
molecule, whereas the broad peak within 3150 – 3200 cm-1 is due to N-H stretching 
vibration of lithium imide-like structures. As illustrated in Figure 5.14b and 5.14e, 
both sample with and without Mg, contain bound –NH2, which indicate that LiNH2 is 
formed upon hydrogenation at 150oC. After dehydrogenation of the hydrogenated 
samples at 300oC, the two peaks (3313 cm-1 and 3259 cm-1), which are assigned to –
NH2 vibration band, still present in desorbed Li2NH sample, but almost diminish in 
the desorbed Mg-modified Li2NH sample. The disappearance of –NH2 peaks reveals 
that the hydrogenated Mg-modified Li2NH sample is fully converted back to imide 
after dehydrogenation. In contrast, dehydrogenation of Li2NH sample without Mg 
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failed to recover the imide structure as per the original state. This result again 
elucidates the poor reversibility in Li2NH system. Hence, it can be deduced that the 
doping of Mg helps in promoting the desorption process to full completion and thus 
improve the reversibility.  






















Figure 5.14: FTIR spectra of (a) fresh-milled Li2NH-II; (b) hydrogenated Li2NH-II at 
150oC; (c) dehydrogenated at 300oC after hydrogenation of Li2NH-II; (d) fresh-milled 
Mg-Li2NH-II; (e) hydrogenated Mg-Li2NH-II at 150oC; (f) dehydrogenated at 300oC 
after hydrogenation of Mg-Li2NH-II 
 
 It is very useful if we can understand the role of Magnesium due to its 
significant effect in improving the reversibility of Li2NH system. First of all, the 
activation energy for Mg-modified Li2NH is calculated by adopting Kissinger 
Equation (Equation 5.6 and 5.7). Tp were obtained by measuring adsorption peak 
temperatures at various heating rate (1, 2 and 5 Kmin-1) in HP-DSC under H2 pressure 
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of 30 bars as shown in Figure 5.15. The activation energy is then calculated based on 
least square fitting as illustrated in Figure 5.16.  
 
The calculated activation energy for Mg-modified Li2NH-II is 120.8 kJ/mol, 
which is slightly larger than 98 kJ/mol, the activation energy of ball milled Li2NH-II. 
Hence, Mg presumably does not act as a catalyst in the Li2NH system because there is 
no significant reduction in the kinetic barrier of the hydrogenation reaction.  The 
presence of Mg in Li2NH-II may act as a “stabilizer” which possibly contributes to 
minimize the sintering effect caused by high temperature. By reducing the 
agglomeration of particles after hydrogenation, a more complete desorption process 
could proceed. As such, Mg-modified Li2NH could sustain the adsorption-desorption 
cycles without losing the storage capacity. 

















Figure 5.15: HP-DSC curves for H2 adsorption of Mg-Li2NH sample at different 
heating rates (a) 5 Kmin-1; (b) 2 Kmin-1 and (c) 1 Kmin-1 (H2 pressure = 30 bars) 
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Figure 5.16: Least-square fittings for calculation of activation energies of (a) ball 





  In summary, for the first time, we observed that the hydrogen absorption over 
Li2NH prepared by solid state exchange reaction take place at temperatures lower 
than 150oC, which is almost 100oC lower than that predicted from pristine Li3N and 
reported by other research groups. This might be due to the formation of lithium-
richer imide structure just as proved by XRD and FTIR experimental results. The 
lithium-richer imide structure will reduce the electropositivity of nitrogen atom and 
thus increase the affinity to H2 during adsorption process. With 6.5 wt% of hydrogen 
capacity and this low operating temperature, Li2NH is a potential good candidate for 
on-board hydrogen storage.  
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 Although it has demonstrated fast adsorption kinetics at lower temperature, 
however, Li2NH-II is gradually losing its ability to re-adsorb hydrogen after several 
adsorption-desorption cycle. Heat treatments during H2 adsorption and desorption 
may result in agglomeration of small particles and sintering effect on the surface, 
which may partially responsible for the deactivation. Doping with Mg significantly 
alleviates the reversibility hurdles of Li2NH. The cyclic test demonstrated that Mg-
modified Li2NH system able to maintain the reversible storage capacity up to 4.3-wt% 
after 5 cycles of adsorption-desorption without any deterioration of hydrogen capacity. 
The PCT results also show that the plateau pressure of Li2NH is raised with the 
doping of Mg. Kinetic studies indicates that the activation energy for Mg modified 
Li2NH is 120.8 kJmol-1, which is slightly larger than 98 kJmol-1 which is the 
activation energy of ball milled Li2NH-II. Therefore, Mg is believed to act as a 
“stabilizer” rather than a catalyst. Mg helps minimize the particle sintering effect, 






SYNTHESIS AND DEHYDRIDING STUDIES OF  





 In lithium-nitrogen system, the following reversible reaction takes place at 
285oC and 1 atm: 
 
LiNH2 + LiH ↔ Li2NH + H2                  (6.1) 
 
 From Reaction 6.1, theoretical amount of 6.5-wt% of H2 can be reversibly 
stored in Li2NH. As demonstrated in Chapter 5, Li2NH synthesized via solid state 
exchange reaction has a lower kinetic barrier and adsorbs H2 at temperature around 
120oC. This is an encouraging result because the adsorption temperature is close to 
the desirable vehicular operating window using the waste heat of a polymer electrode 
fuel cell, for which temperature is typically below 100oC. However, the problematic 
desorption thermodynamics and kinetics are still technical hurdles in realizing the 
lithium-nitrogen system for hydrogen storage. The lithium-nitrogen system is 
suffering from high desorption temperature which make it unable to fulfill DOE's 
targets for hydrogen storage. Another issue with the lithium-nitrogen system is that 
ammonia is formed as a reaction byproduct during hydrogen release. In order to avoid 
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poisoning of PEM fuel cell, ISO standards dictate that < 0.1 ppm of ammonia is 
allowed in the effluent of the storage system [106]. Therefore, improvement on the 
reversible hydrogen available at lower temperatures while reducing or eliminating 
ammonia formation is an important research direction [2]. 
 
 Most recently, it has been reported that magnesium addition can destabilize 
this lithium-nitrogen system and thus lower the reaction temperature below 200oC, 
although with a resultant penalty in a moderate reduction in hydrogen capacity. There 
are 4 independent research groups who are currently focusing on Li-Mg-N-H system, 
as summarized in Table 6.1. 
 
Table 6.1: Novel Li-Mg-N-H systems reported for hydrogen storage materials 




3MgH2 + 6LiNH2 [84, 
90] 
3Li2Mg(NH)2 + 6H2 
↔  6LiH + 3 Mg(NH2)2 
5.6-wt% 4.5-wt %, 
200oC 
8LiH + 3Mg(NH2)2 
[91] 
4Li2NH + Mg3N2 + 8H2 
↔  8LiH + 3Mg(NH2)2 
6.9-wt % Tdes  = 190oC 
Mg3N2 + 4Li3N [92] Mg3N2 + 4Li3N + 12H2 
↔  12LiH + 3Mg(NH2)2 
9.1-wt % Tdes = 407oC 
 
In the present study, a new Li-Mg-N-H storage system is designed by mixing 
Lithium Amide (LiNH2), Lithium Hydride (LiH) and Magnesium Hydride (MgH2) at 
different ratios. Previous studies mainly focus on binary mixture, whereas this study 
attempts to prepare ternary mixture of LiNH2-LiH-MgH2 via mechno-chemical 
synthesis approach. The base system consists of LiNH2: LiH with molar ratio of 1:4. 
An excess amount of LiH was added to the amide in the starting material to minimize 
the side reaction of amide decomposition and thus the emission of ammonia gas.  The 
basic system of LiNH2/4LiH was then doped with different concentrations of MgH2.  
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MgH2 is highly abundant and posses H2 storage capacity of 7.6-wt%, however, it 
requires high operating temperature above 350oC.  By adopting destabilization 
concept, MgH2 was used as a dopant to partially substitute Li in order to further 
reduce the desorption temperature of LiNH2/LiH system. The hydrogen desorption 
character of quaternary Li-Mg-N-H system was subsequently investigated by using 
wide range of analytical instruments such as XRD, FTIR, SEM as well as PCI.  
 
6.2 Sample Preparation 
 
 LiNH2 (95%, Sigma Aldrich), LiH (98%, Alfa Aesar) and MgH2 (98%, Alfa 
Aesasr) were used without further treatment. The quaternary Li-Mg-N-H samples 
were prepared by mechanical milling (Retsch PM 400) for 10 hours at 300 rpm. 
Special stainless steel vials with a stop valve which can endure 20 bars pressure were 
used. Performances of Li-Mg-N-H samples with different mole ratios, 
LiNH2/LiH/MgH2 of 1/4/1 (Sample I) and LiNH2/LiH/MgH2 of 1/4/1.5 (Sample II), 
were examined by DSC, TPD. Besides, a MgH2-free LiNH2/LiH of mole ratio 1/4 was 
prepared under same conditions as benchmark. The detail procedure for mechanical 
milling is described in Section 3.2.1. 
 
6.3  Results and Discussions 
 
6.3.1 Thermal Desorption of Quaternary Li-Mg-N-H System  
 
 Figure 6.1 shows DSC curves of Li-Mg-N-H samples. For comparison 
purpose, the result of LiNH2/LiH is also included. The negative response of these 
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curves is in line with the endothermic feature of the hydrogen desorption. As 
determined from DSC curve in Figure 6.1 (a), MgH2 alone thermally decomposes at 
temperature above 420oC. Sample consists of LiNH2/4LiH (Figure 6.1 (b)) starts to 
desorb hydrogen at around 170oC, peaks at 225oC and then completely desorbs 
hydrogen around 300oC. Both materials, MgH2 and LiNH2/4LiH, are restricted from 
practical application due to the high desorption temperatures. However, after doping 
with MgH2, the hydrogen desorption temperature were significantly decreased to 202 
and 170oC (Figure 6.1c and d). This is a bigger step towards the practical application. 
In other wards, these results clearly demonstrate that a chemical modification 
approach could significantly alter desorption characters of LiNH2/4LiH by MgH2 
doping.  
 
 Table 6.2 summarizes the DSC results for Li-N-H and Li-Mg-N-H systems. 
One can clearly note clearly that both onset and peak temperature of Sample I and II 
has been greatly reduced by 25 - 50oC with respect to MgH2-free LiNH2/4LiH. The 
quaternary Li-Mg-N-H system produced by combining the three compounds, LiNH2, 
LiH and MgH2 thermally decomposes at milder temperature as compared to pure 
starting materials. As a result, a new type of hydrogen storage material has been 
prepared by partial substitution of Li by Mg in lithium imide/hydride. In this case, it is 
believed that partial substitution of Li by Mg significantly destabilizes lithium 
amide/hydride. For Sample I, the desorption temperature peaked at 202oC, which is 
20oC lower than MgH2-free LiNH2/4LiH. Besides, the increment in MgH2 loading 
further reduces the desorption temperature to 170oC, as indicated in desorption profile 
of Sample II (Figure 6.1 (d)). A difference of 50oC in peak temperature was observed 
by varying the MgH2 composition between Sample I and II.  The experimental results 
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on thermal decomposition not only support the effect of Mg substitution, but also 
suggest that the destabilization is enhanced with increasing Mg concentration. Hence, 
the magnitude of temperature shift may depend on compositional variations of the 
ternary mixtures. 
 










Pristine MgH2 410.0 423.0 -77.2 
LiNH2-4LiH 172.8 225.3 -45.9 
LiNH2-4LiH-MgH2 
(Sample I) 
154.0 202.3 -29.7 
LiNH2-4LiH-1.5MgH2 
(Sample II) 
150.8 170.0 -18.6 
 
 













































Figure 6.1: DSC curves for (a) MgH2; (b) LiNH2/4LiH; (c) Sample I and  





6.3.2 N-H Vibration Shift in Li-Mg-N-H System  
 
 The hydrogen storage features of the M-N-H (M=metal) in sample I and II 
were examined by using FTIR technique. The peak assignments for N-H stretching 
band in LiNH2 and Li-Mg-N-H system are based on information from literatures as 
tabulated in Table 6.3.  
 
Table 6.3: FTIR peak assignments for N-H stretching in M-N-H (M = Li and Mg)    
system (νas: asymmetric stretch; νs: symmetric stretch; ν: stretch) [87] 
 
Samples Position (cm-1) 
LiNH2 3313 (νas ); 3259 (νs) 
Mg(NH2)2 3325 (νas ); 3274 (νs) 
MgNH 3251 (ν); 3240 (ν); 3197 (ν) 
  
Figure 6.2 shows the IR adsorption spectra for LiNH2, fresh-milled 
LiNH2/4LiH and both LiNH2/4LiH/MgH2 samples (Sample I & II). IR spectra of pure 
LiNH2 and LiNH2/4LiH show an asymmetric N-H stretch at position 3313 cm-1 while  
a symmetric N-H stretch at position 3259 cm-1. However, a new N-H stretching band 
at position 3241 cm-1 and 3237 cm-1 is formed in sample I and II, respectively. The N-
H stretching bands measured in this experiment are close to the reported N-H 
symmetric stretch in MgNH at 3240 cm-1[87]. Hence, it can be deduced that 
intermediates compound MgNH is partially formed during mechanical milling. As the 
concentration of MgH2 is increased, a more broad and intense N-H stretching band of 
MgNH is observed in IR spectras when comparing Sample II with Sample I. On the 
contrary, there is also weakening in IR signal for N-H stretching bands at 3313 cm-1 
and 3259 cm-1 in Sample II. These results suggested an interchange or interaction 
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between Li-N-H and Mg-N-H. This kind of reaction or interaction can take place even 























Figure 6.2: FTIR spectras of (a) Pristine LiNH2, (b) LiNH2/4LiH, (c) Sample I and (d) 
Sample II (Resolution = 4 cm-1) 
 
 
 Comparing to MgH2-free LiNH2/4LiH sample, there are red shifts of the anti-
symmetric stretch vibration of LiNH2 over both LiNH2/LiH/MgH2 samples. The shift 
to lower energy band indicates that the doping of MgH2 weakens the N-H bands in 
LiNH2.  Instability of MNH2 (M = metal) is due to larger electronegativity of Mg 
(ENMg = 1.31) than Li (ENLi = 0.98), provide weaker ionic interaction with [NH2]- 
anion and thus reduce the electropositivity of nitrogen. Therefore, the N-H vibration is 
weakened. An increased in the valence of cations might responsible for decreasing the 
desorption temperature. Based on first-principles calculation, Orimo et. al. predicted 
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that the [NH2]- is usually stabilized by Li+. However, they predicted that 
destabilization occurred due to electronic structure change which resulted from partial 
substitution of Li by Mg, which has larger electronegativity [85].  The shifts in N-H 
band obtained in this experiment also provide another indication of changes in 
electronic properties of Li-Mg-N-H. Nakamori et. al. also proposed that the 
thermodynamics and kinetics may be affected by the modification of nanostructured, 
due to the charge-neutrality effect (Mg2+ instead of Li+), providing the formation of 
vacancies or defects  [116]. The concept of destabilization suggested by Orimo's 
group is quite consistent with the IR experimental findings. In addition, when 
comparing Sample I and II, stronger and broader N-H stretch band of MgNH (~3240 
cm-1) follow by weakening in signal for N-H stretch band of LiNH2 (3313 and 3259 
cm-1) suggest that the compositional variations greatly influence the magnitude of 
reduction in H2 desorption temperature.  
 
6.3.3 Measurement of Hydrogen Storage Capacity 
 
 Autosoak release profiles with temperature of LiNH2/4LiH, Sample I and 
Sample II are shown in Figure 6.3.  As temperature is gradually increased, both Li-
Mg-N-H samples demonstrate faster desorption rate than the MgH2-free LiNH2/4LiH. 
LiNH2/4LiH initially desorbs < 0.5-wt% of hydrogen with a slow rate at temperature 
around 150oC. The release of H2 from LiNH2/4LiH is then proceeds at faster rate as 
temperature ramps above 200oC. Total of 3.5 wt% of hydrogen is released at the end 
of measurement. As illustrated in Figure 6.3 (b) and (c), Sample I and II release H2 at 
accelerated rate in the temperature range between 75–175oC. It should be highlight 
here that desorption of H2 starts at reasonably lower temperature around 50-75oC. 
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Hence, the measurement of hydrogen capacity further verify the beneficial effect of 
MgH2 doping in promoting the H2 desorption rate in LiNH2/4LiH.  
 
 Besides, H2 desorption of Sample I and II further proceeds until the curve 
reaches a plateau at 260oC, which indicates the completion of desorption process. The 
former achieves desorption capacity of 3.5 wt-% whereas the latter exhibits 
desorption capacity of 4 wt-%. Contrary, a plateau is unlikely to be observed in 
LiNH2/4LiH which also suggests that the desorption reaction is limited even at 
temperature of 260oC.  Due to slower kinetic, hydrogen desorption from LiNH2/4LiH 
may be incomplete because the desorption of H2 seems to proceed at the end of 
measurement, as illustrated by isotherm in Figure 6.3 (a).  This result is again 
demonstrates that the doping of MgH2 significantly alter and enhance the desorption 
properties of LiNH2/4LiH system.  




























Figure 6.3: Autosoak release profiles of (a) LiNH2/4LiH and (b) Sample I and (c) 
Sample II 
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6.3.4 Phase Transformations due to the Thermal Gas Desorption 
 
Figure 6.4 (a)-(c) show the TPDMS profiles for MgH2-free LiNH2/4LiH, 
Sample I and Sample II, respectively.  TPDMS results are in good agreement with 
above DSC results which indicate that the lowering in H2 desorption temperature due 
to the doping effect of MgH2 into LiNH2/4LiH system.  As compared to MgH2-free 
LiNH2/4LiH, both Sample I and II show improvement in terms of the onset 
temperature and peak temperature. In this experiment, a temperature reduction of 30 - 
80oC is achieved. As can be observed from TPDMS profiles, both Li-Mg-N-H 
samples exhibit two stages of H2 desorption. Sample I firstly desorbs hydrogen 
between 200-240oC, follows by second desorption at 250 - 350oC. H2 desorption 
process of Sample II also exhibits the similar trend but it occurs at lower temperature. 
The first stage desorption occurs at around 120 – 200oC, and the second stage occurs 
at the temperature range of 200 – 300oC.  
 
To understand the desorption reactions, a series of characterization methods 
were adopted. As stated in Chapter 2, the hydrogen desorbing reaction between LiH 
and LiNH2 is proved to be reasonably expressed by the ammonia mediated model [66, 
88-89] rather than the model of the direct molecule-molecule reaction which is driven 
by the strong affinity between Hδ+ in LiNH2 and Hδ- in LiH [67]. Similarly, the 
ammonia mediated model is preferred based on several findings in this study. To 
understand the interaction of ternary mixtures LiNH2-LiH-MgH2, two separate binary 
system inclusive of LiNH2-MgH2 and LiH-MgH2 were prepared in same preparation 
procedures and the corresponding desorption characters were examined by TPDMS. 
The results are also shown in Figure 6.4. As one can note, , binary mixture LiNH2-
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MgH2 also exhibits 2 stages of H2 desorption at lower temperature as compared to 
LiNH2/LiH system (Figure 6.4(d)). However, as is evident from the enlarged signals 
of NH3 emission in the TPD-MS profile s in Figure 6.4(d), there is a small amount of 
NH3 concomitant with H2 desorption between 150-350oC. In contrast, LiH-MgH2 
alone shows H2 desorption at temperature as high at 420oC. Hence, it can be deduced 
that interaction between LiNH2 and MgH2 play a significant role in low temperature 
H2 desorption. Especially worth to note that the addition of excess LiH into LiNH2-
MgH2 system as in Sample I and II, not only reduces the desorption temperature, also 
successfully suppresses the NH3 emission. As shown in Figure 6.4 (b) and 6.4 (c), no 
NH3 signal is detected by MS during the thermal desorption of Sample I and II. Being 
proposed by other research groups [64, 65], the reaction of LiH with NH3 is ultrafast 
(25ms) [64]. This indicates the special interaction on the boundaries between LiNH2 
and LiH surfaces for hydrogen desorption at low temperature. Therefore, LiH plays a 
role to suppress desorption of NH3, and to enhance desorption of only H2.  These 
results support the assertion that the ammonia mediated reaction is available for gas 
desorption in the Li-Mg-N-H storage system. 
 
Table 6.4: Summary of TPD-MS results for various binary and ternary mixtures of 
LiNH2, LiH and MgH2 (Heating rate = 5 oC min-1 in Argon carrier of 50 ml min-1) 
 
Sample Peak Temperature 
(oC) 
Gaseous Products 
detected by MS 
LiNH2 – 4LiH 249.2 H2 
LiNH2 – 1.4 MgH2 226.7 
304.2 
H2, NH3 
























































Figure 6.4: Temperature Programmed Desorption profiles for (a) LiNH2/4LiH;                
(b) Sample I; (c) Sample II; (d) LiNH2/1.4MgH2; (e) 4LiH/1.4MgH2  (Heating rate = 5 
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Upon hydrogen desorption, it is obvious that the crystalline structure would 
undergo changes, such as expansion or forming new phase. In this study, a series of 
samples with various degrees of dehydrogenation were prepared via TPD and their 
structures were characterized by powder XRD. 
 
The XRD profiles shown in Figure 6.5 and 6.6 were collected at various 
dehydrogenation stages for Sample I (point A&B in Figure 6.4 (b)) and Sample II 
(point C&D in Figure 6.4 (c)).  The diffraction peak occurs at 26o (with symbol x) is 
due to the Mylar sheet background that used to protect samples from air and moisture 
contamination.  
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Figure 6.5: XRD profiles for Sample I at various stages: (a) fresh-milled; (b) 




Table 6.5: Phases exist at various stage of dehydrogenation of Sample I 
Stages Phases Exist New Peaks
fresh-milled LiNH2, LiH, MgH2 - 
dehydrogenated 200oC 
(point A in Figure 6.4) 
LiNH2, LiH, Li2NH, MgH2, Mg3N2 32.5o 
dehydrogenated 350oC 
(point B in Figure 6.4) 
Li2NH, LiH,  Mg3N2, LiMgN intermediate 32.5o 
 
* New peaks that cannot be matched to a known Li-Mg-N crystal structure from the 
database (JCPDS-CDD 2000) 
  
 As can be seen from Figure 6.5, the freshly milled Sample I consists of the 
starting materials, LiNH2, LiH and MgH2. In the sample after heating to 200oC, the 
diffraction peaks of Mg3N2 (21o, 33.5o) and Li2NH (50o, 61o) apparently appear. The 
appearance of Li2NH phase clearly indicates that decomposition of LiNH2 occurs at 
low temperature with the presence of hydrides (LiH and MgH2). Li2NH and LiNH2 
have very near diffraction peaks at 2θ = 30o and 50o. However, upon heating to 200oC, 
the typical distinguishing peaks for LiNH2 at 17.4o and 19.6o become prominent. 
After the sample was heated to 350oC, the XRD patterns shows that Mg3N2 has 
became dominant phase in the final desorbed product. In addition, the MgH2 vanishes 
and the LiMgN phase becomes more prominent.   
 
Table 6.6: Phases exist at various stage of dehydrogenation of Sample II 
Stages Phases Exist New Peaks 
fresh-milled LiNH2, LiH, MgH2 - 
dehydrogenated 180oC 
(point C in Figure 6.4) 




(point B in Figure 6.4) 




15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90




































Figure 6.6: XRD profiles for Sample II at various stages: (a) fresh-milled; (b) 
dehydrogenated at 180oC and (c) dehydrogenated at 250oC 
 
  
 The XRD pattern of freshly milled Sample II shown in Figure 6.6 also 
indicates the presence of starting materials, LiNH2, LiH and MgH2. As sample II is 
heated to 180oC, the diffraction peak at 30.5o becomes more intense, indicating 
formation of Li2NH phase. In addition, peaks belong to Mg3N2 are also identified 
phase at this first desorption stage of Sample II.  Unlike Sample I, no LiNH2 phase is 
detected in the dehydrogenated Sample II. Therefore, LiNH2 might be fully converted 
during the desorption process in the excess of LiH and MgH2. Upon heating up to 
250oC, second stage of desorption takes place, resulting the formation of Mg3N2 phase 
that dominantly exists in the final product.  One can also note that the peaks 
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corresponding to the MgH2 phase diminishes and LiMgN and Li2NH become 
prominent. In addition, there are also 2 new peaks at 21 and 31.5o can be observed. 
These new peaks might be due to the formation of new Li-Mg-N-H intermediate 
phase in both desorption stages.  
 
 A report on decomposition behaviors of the metal amide and metal imides [98], 
indicates that the decomposition temperatures of Mg (NH2)2 and MgNH are lower 
than those of LiNH2 and Li2NH. Here, the formation of intermediates LiMgNH or 
MgNH intermediates is assumed during desorption process which helps to lower the 
desorption temperature. In fact, as shown in Section 6.3.2, FTIR results indicate that 
the MgNH intermediate is formed during the mechanical milling process even at room 
temperature. Hence, the following reaction mechanism is proposed according to the 
ammonia mediated mechanism: 
 
2LiH + LiNH2 + MgH2 
→ 2LiH + LiMgNH + NH3 
→ LiH + Li2NH + MgNH + H2 
                                   → 1/3 LiH + 4/3 Li2NH + 1/3 Mg3N2 + 2/3 H2                      (6.2) 
 
 According to the above ammonia mediated mechanism, Li-Mg-N-H samples 
should first transform into Li2NH and LiMgNH or MgNH after first stage of thermal 
desorption. The MgNH is subsequently self-decomposed to form Mg3N2. Besides, the 
appearance of LiMgN phase in final desorbed products may originate from the 
following direct solid reaction between Li3N and Mg3N2 as illustrated in reaction 6.1. 
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Due to the presence of excess MgH2, all Li3N formed probably fully react with Mg3N2. 
Hence, no Li3N peak is identified in XRD patterns of final desorbed products.  
 
                                                     Li3N + Mg3N2  → 3 LiMgN                                  (6.3) 
 
 It is of interest that the unknown peaks appear in all the dehydrogenated 
products of both Samples I and II, without detecting the MgNH phase. It should be 
pointed out that the new peaks at 21o (in Sample II) and 32.5o cannot be matched to a 
known Mg-N or Li-Mg-N crystal structure from the database (JCPDS-CDD 2000). 
Leng et. al. also found similar unknown peaks in their investigation on the different 
ratios of LiH/Mg(NH2)2 [88]. They supposed that the unknown peaks are formed by 
the coexistence of Li2NH and MgNH phases similar to the appearance of the LiMgN 
phase formed by the coexistence of Li3N and Mg3N2. Luo et. al. also deduced that the 
unknown new phase is expected to be a mixed imides of Li and Mg [87]. Besides, 
Xiong et. al. found that, after dehydrogenation, the mixture of 2LiH and Mg(NH2)2 
transformed into a ternary  imides phase of Li2Mg(NH2)2 [90]. It is worth pointing out 
that only one or two peaks are marked in this report because there is still lack of clear 
explanation about the new phase structure. Furthermore, it is noted that the diffraction 
peaks at 30.7o and 51.1o, corresponding to the Li2NH phase in Figure 6.5 and 6.6, 
have slightly shifted to higher angles with increasing temperature. This could 
originate in the lattice shrinkage by substitution of Mg2+ for Li+ in the Li2NH phase, 
which provides the formation of vacancies or defects [88]. 
 
 Stoichiometric calculation based on Equation 6.1 shows that Li-Mg-N-H could 
theoretically achieve 5.1-wt% of H2 storage capacity in total. About 60% of H2 is 
released during the first desorption stage at temperature below 180oC. However, the 
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presence of excess LiH and MgH2 in starting materials has reduced the measured 




In this study, a new class of H2 storage material, quaternary Li-Mg-N-H 
system was prepared by mixing different ratios of LiNH2, LiH and MgH2 via 
mechanochemical synthesis approach. The dehydriding properties of this Li-Mg-N-H 
system were carefully investigated by various characterization tools.  Based on the 
phase transformations information gathered from TPD-MS and XRD during thermal 
desorption, desorption mechanism according to the ammonia mediated model is 
proposed. The Li-Mg-N-H system composed of LiNH2-LiH-MgH2 exhibits an 
excellent storage capacity of 5.1-wt%, according to theoretical prediction based on 
Equation 6.1. Moreover, thermal desorption results reveal that partial substitution of 
Li by Mg destabilizes mixture of LiNH2/LiH and thus significantly reduce the 
desorption temperature, although with a moderate reduction in hydrogen capacity. 
This is also in line with the red shift in the N-H vibration band in LiNH2 as revealed 
by FTIR results. The presented destabilization approach, could successfully reduce 
the dehydriding temperature of original LiNH2/LiH system and this effect is particular 










 The main objective of this work is to provide good candidate that can meet 
DOE's target for on board hydrogen storage. Lithium-nitrogen materials that were 
prepared in this work appear to be a promising material for on-board hydrogen 
storage. This study basically clarified fundamentals hydrogen storage properties of 
lithium-nitrogen system. In addition, this study also successfully demonstrated 
effective approaches to improve and fine tune the thermodynamics and kinetics of 
hydrogen sorption on lithium-nitrogen based system through novel synthesis method, 
mechanical activation and chemical modifications (destabilization).  
 
Firstly, the influence of H2 pressure over hydrogenation of Lithium Nitride is 
studied by applying High Pressure Differential Scanning Calorimetry (HP-DSC). The 
significance of operating pressure in promoting hydrogen adsorption over lithium 
nitride has been demonstrated. Together with XRD and SEM results, a more realistic 
hydrogenation process model is proposed as follow: Li3NÆ LixNH3-x (x≥2)Æ LiNH2. 
The value of x is varied according to the H2 pressure applied. The study on the 
influence of H2 pressure is useful to develop fundamental knowledge in optimizing 
operating pressure in order to promote the adsorption activity of Li3N.   
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Secondly, Lithium Imide (Li2NH), another derivative of lithium-nitrogen 
system, is successfully synthesized via novel solid state exchange reaction between 
Li3N and LiNH2. Detailed investigations indicated that Li2NH prepared via solid 
exchange approach exhibit better storage capacity and kinetics than the conventional 
Li2NH. For the first time, a low temperature (< 150oC) H2 adsorption of Li2NH is 
observed and reported here. As compared to the results deduced from pristine Li3N, 
the hydrogenation temperature over Li2NH can be reduced from 250oC to around 
120oC. Li2NH prepared via solid state exchange reaction exhibits excellent storage 
capacity of > 5-wt% by this study and 6.5 wt% by theory, which could potentially 
fulfill DOE’s capacity target in 2010. Furthermore, this study unambiguously reveals 
that ball milling can reduce onset temperature for the H2 adsorption of Li2NH. The 
enhanced adsorption properties by ball milling are attributed to mechanical activation 
related to the formation of nanocrystallites, the reduced particle size, the increased 
surface area and thus the decreased activation energy. Besides, the insertion of 
magnesium into Li2NH is found to act as a “stabilizer” rather than a catalyst for 
Li2NH system as it helps to minimize the particle sintering effect, enables almost 
complete desorption and thus improves the reversibility of Li2NH. The cyclic test 
confirmed that Mg-modified Li2NH system able to maintain the reversible storage 
capacity up to 4.3-wt% after 5 cycles of adsorption-desorption with no deterioration.  
 
Lastly, a new type of chemically modified lithium amide/hydride system is 
reported. A quaternary Li-Mg-N-H system has been prepared via mechanochemical 
synthesis approach. By partial substitution of Li by Mg in lithium amide/hydride, 
hydrogen desorption temperature can be reduced 30-50oC. Based on the results of 
TPD-MS, FTIR, and XRD, a pathway of desorption in accordance to ammonia 
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mediated model is proposed. Based on this new model, the Li-Mg-N-H system 
composed of LiNH2-LiH-MgH2 exhibits an excellent storage capacity of 5.1-wt% at 
moderate temperature of around 180oC. The present destabilization approach and idea 
could effectively overcome the technical barrier of lithium-nitrogen system by 
reducing the dehydriding temperature of original LiNH2/LiH system and thus is 




The extensive characterizations and investigations performed in this work 
showed that lithium-nitrogen systems as well as its modified Li-Mg-N-H system are 
good candidates for on board hydrogen storage media. The reversible hydrogen 
capacity can be higher than 6 wt% and the operation temperature can be potentially 
lower than 150oC. However, there are still a lot of technical barriers such as life span, 
hydrogen charge and discharge rate, the impact of impurity such as CO, CO2, 
moisture, etc. have to be explored.  
 
So far, from the view of fundamental studies, the understanding of hydrogen 
physisorption and chemisorption processes is lacking. As of both practical and 
scientific interest, it is worth to elucidate the details on reaction kinetics and 
mechanism. Lacking in instrument like an intelligent gravimetric analyzer has 
restricted further kinetics study in present work.  Continuation works could focus on 
isothermal and non-isothermal kinetic measurements on the sorption reaction of 
lithium-nitrogen and its derivatives by employing thermogravimetric technique, such 
as high pressure TGA. Isotopic exchange and particle size effect can be used to obtain 
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information about mass transport and interface reactions. Better understanding on 
overall kinetics and rate limiting step will certainly accelerates the progress in 
developing lithium-nitrogen systems as a viable on board hydrogen storage medium.  
 
Another area of opportunity is to introduce a new generation of catalysts. 
Catalysis is one of the critical factors in the improvement of hydrogen sorption 
kinetics in metal-N-H system. To further reduce the desorption temperature of 
lithium-nitrogen system close to ideal operating temperature, catalyst definitely plays 
an important role to optimize the kinetics of hydrogen uptake and release. The new 
catalysts concept will be based on duality of hydrogen behaviors; hydrogen needs to 
be bonded to a metal through a chemical bond, where the electron pair is shifted 
towards hydrogen [81]. The major functions of a catalyst in the formation of hydrides 
are to stimulate and enable ionization of the dissociating hydrogen, able to transform 
stable diatomic H2 into the desired ionic configuration and thus lead to recombination 
into dihydrogen in desorption process. At the present, designing a nanostructured 
catalyst to achieve fast cycling and desired temperature appear to be the most 
challenging and promising goals. Few attempts has been tried to find a suitable 
catalysts (Ni, Mg, Fe, Ti) for lithium-nitrogen system. Furthermore, neither the choice 
of catalyst nor its quantity has been yet fully optimized. Hence, the future research 
direction should focus on the exploration of suitable catalysts to kinetically enhance 
the reversible dehydrogenation and re-hydrogenation reactions. 
 
The improved understanding of lithium-nitrogen system in this work aids the 
development of other advanced materials. In a macroscopic view, to meet DOE’s 
targets in 2010, it is also worth to explore and access either non-Mg modified lithium 
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amide or other advanced materials with hydrogen capacity of 6-wt% or greater with 
adequate charge and discharge kinetics and cycling characteristic.  
 
Other than material discovery activities, more research opportunities in 
hydrogen storage are foreseen. The future opportunities include exploration on the 
combinatorial approaches to rapidly identify a promising storage media, theoretical 
modeling to provide guidance for material developments, analyses to assess cost 
effectiveness of reversible hydrogen storage materials for scale up to high volume 
production and development of necessary infrastructures for practical on board 
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